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ABSTRACT 
The fluxes of heat and solutes through double-diffusive density inter-
faces in a convecting fluid have been studied. Three types of interface 
have been considered: the "diffusive" interface across which there are 
gradients of more than two properties that influence the fluid density; the 
11 salt finger" interface in a viscous fluid containing two or more properties; 
and the two-component 11 diffusive 11 interface in a fluid contained within a 
porous material. All three interfaces have marked similarities. The stabi-
lity to salt finger and oscillatory convection of a horizontal layer of 
fluid containing gradients of three diffusing properties is also discussed. 
The simultaneous fluxes of many dissolved solutes through the thermo-
haline 11 diffusive 11 interface have been measured. Individual species have 
been found to travel at different rates expressed in terms of the transport 
(.or 11 mixing 11 ) coefficient F./6C., where F. is the mass flux and 6C. the 
b b b b 
concentration step across the interface for a given component. The ratio of 
transport coefficients for any two components may vary even more rapidly 
than the ratio, K. /K., of molecular diffusivities, depending upon the 
b J 
stability of the interface. The observed behaviour has not been explained 
fully but has implications for chemical tracer studies in the oceans. Data 
from Lake Kivu provides the first evidence for unequal m1x1ng of two or more 
properties across 11 diffusive 11 interfaces at oceanic conditions, and transport 
ratios estimated for the lake are close to those given by the laboratory 
experiments . 
An understanding of thin ''salt finger" interfaces has been achieved by 
describing the transition from laminar salt finger convection to turbulent 
convection in the mixed layers. Thi s transition, and therefore the length 
of the interfacial fingers, is thought to be determined by a local Rayleigh 
number criterion in place of a previously assumed condition on a Reynolds 
number of the salt finger convection. Although the interface model cannot 
be satisfactorily closed, a consistency argument allows predictions of fluxes 
and interface structure. The ratio of buoyancy fluxes has been found to 
be r ~ 0.6 for a heat-salt interface and r ~ 0.9 for a salt-sugar system, 
1n agreement with previous empirical values. The thermohaline finger inter-
face cannot significantly alter relative concentrations of solutes as the 
11 diffusive 11 interface can. 
It has been shown that thin 11 diffusive 11 interfaces 1n a Hele-Shaw cell 
or a laboratory porous medium can be maintained against diffusive thickening , 
despite the absence of inertial fluid motions. Heat-salt and salt-sugar 
fluxes through a two-layer system have been measured and compared with pre-
dictions of a model. For the thermohaline system, salt and heat buoyancy 
h: fluxes are in the ratio r ~ ET 2 , wheres is the porosity and T is the 
m m 
appropriate ratio of diffusivities. The presence of a 11 diffusive 11 interface 
in the Wairakei geothermal system 1s postulated and the observed ratio of 
heat and salt fluxes through this convection system is consistent with the 
laboratory flux ratio. 
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1. INTRODUCTION 
Physical processes 
The differential diffusion of two properties, such as temperature and 
salinity, may cause a fluid to be convectively unstable when the propert-
ies contribute opposing vertical density gradients. When temperature and 
salinity both decrease with depth but yield a gravitationally stable density 
gradient (density increases in the direction of gravity) tall, thin 
convection cells develop. These have a horizontal length scale that 
represents a balance between viscous damping and efficient horizontal 
diffusion (Stern, 1960). As a result, potential energy stored in the 
salinity field is released more rapidly than it is added to the temperature 
field and the total potential energy of the system is decreased. These 
dissipative structures have become known as "salt fingers", although any 
two properties with different molecular diffusivities may take the place 
of salt and heat. 
Instability may also occur when temperature, salinity and density all 
increase with depth (Walin, 1964; Veronis 1965). In this case the onset 
of convection is oscillatory, as observed experimentally when a stable 
salinity gradient is heated from below (Shirtcliffe, 1969) . . 
At large amplitude both of these types of convection are characterised 
by a number of well-mixed convecting layers, each of limited vertical 
extent and separated from each other by relatively thin density steps. 
Turner (1968) observed that a smooth, stable salinity gradient, when heated 
from below, was transformed into a number of convecting layers because the 
2 
overstable motions grew until they broke down into turbulent convection. 
Then differential diffusion between fluid elemen ts could no lonaer over-
.J 
come the density stratification and convection was limited to a layer of 
finite depth. Other layers formed as diffusive profiles above the exist-
ing layers became unstable. 
A similar array of density steps may be produced by imposing a flux 
of salt into the top of a smooth, stable temperature gradient (Stern and 
Turner, 1969) or at the top of a deep field of salt fingers. In this case 
though, each density interface contains salt fingers. The fingers will 
also extend throughout the gradient region with no convective overturning 
if the salt flux is not sufficiently large when compared with the tempera-
ture gradient (Linden, 1978). The onset of this type of layered convection 
,s thought to be at least qualitatively understood in terms of a transfer 
of energy from laminar salt fingers to relatively large scale internal 
waves (Stern, 1969). 
Thin density interfaces are also maintained by double-diffusive 
convection when a uniform layer of fluid is placed above a more dense 
layer such that the two properties contribute opposing density steps. Thus 
Turner and Stammel (1964) observed that convection occurred in both layers 
when the lower layer was warmer and more saline that the upper layer. 
Apart from some turbulent entrainme nt, transport of salt and heat through 
this 11 diffusive 11 interface was by molecular diffusion, with the more rap id 
diffusion of heat providing potential energy to drive the convection. In 
the inverted system (with the lower layer again more dense), salt fingers 
of limited vertical extent allow efficient vertical transport of the 
property with smaller molecular diffusivity. On each side of the 11 salt 
finger" interface, the quasi-laminar finger convection gives way to 
larger-scale turbulent convection. 
3 
Oceanic observations 
Vertical profiles 1n the ocean have verified the existence of step-
like finestructure in temperature (T), salinity (S) and density at many 
locations where T and S contribute opposing vertical density gradients. 
Arrays of alternating small- and large-gradient regions were first detected 
in the main thermocline of the North Atlantic, where T and S both decrease 
with depth (Cooper and Stammel, 1968). Other investigations reveal nearly 
uniform layers and relatively sharp steps below the thermoclines of the 
North Atlantic (Mazeika, 1974; Lambert and Sturges, 1977), the Tyrrhenian 
Sea (r1olcard and Williams, 1975), the central Pacific (Gregg, 1975, 1976) 
and the Timar Sea (Stammel and Fedorov, 1967).. Similar 11 staircases 11 are 
found below the T-S maximum produced by the outflow of the Mediterranean 
Water into the Atlantic (Mowe and Tait, 1970, Tait and Howe, 1968; 
Zenk, 1970; Gregg and Cox, 1972; Hayes, 1975). 
Although the presence of internal waves can produce oceanic fine-
structure by the d·istortion of isopycnals, while shear produced turbulence 
(Orlanski and Bryan, 1969), the breaking of internal waves (Garrett and 
Munk, 1972) the cabbeling instability (Foster, 1972) or a finite amplitude 
pressure instability (Gill, 1973) may all cause local vertical mixing 
1n a stratified fluid, it appears that much of the observed finestructure 
1s significantly influenced by double-diffusive convection. Indeed, 
individual refractive index and conductivity variations (microstructure) 
have been detected at horizontal scales of the order of one centi metre 
within thin high-gradient regions below the Me diterranean water (Williams, 
1974, 1975; Williams, 1976, Magnell, 1976). This scale is close to the 
salt finger wavelength (1.0cm) predicted by Linden (1973). Agreement is 
also found for the me asured layer depth of 40m. Small numbers of layers 
have been shown to extend over distances up to 50 nautical miles 
and to have lifetimes of at least days and sometimes weeks (Lambert and 
4 
S tu r g es , 19 7 7 ; E 11 i o t et . q. 1 . , 19 7 4 ; Johanne ss en and Lee , 19 7 4 ) . S u ch 
evidence, along with semi -empirical calculations of salt finger fluxes 
through the central ~lorth Atlantic thermocline by Lambert and Sturges and 
by Schmitt and Evans (1978), indicates that salt fingering may be the 
dominant mechanism by which salt is dropped out of the surface layers of 
the oceans and into the underlying water masses. Intrusions of warm, 
saline water may mix with deeper waters in a si milar way. 
Convecting layers separated by 11 diffusive 11 interfaces are also thought 
to occur in the oceans. Stepped temperature, salinity and density struc-
ture has been observed above the T-S maximum of the Mediterranean outflow 
(Gregg and Cox, 1972), beneath a melting ice island in the Arctic ocean 
(Neshyba et. al., 1971), in the Weddell Sea (Foster and Carmack, 1976) 
and in Lake Vanda (Huppert and Turner, 1972). Layers are also detected in 
geothermally heated water bodies such as Lake Kivu (Newman, 1976) and the 
Red Sea (Degens and Ross, 1969) so that 11 diffusive 11 interfaces may deter-
mine vertical heat and solute fluxes at these places. In other situations, 
horizontal T,S gradients may give rise to both 11 diffusive 11 and "salt 
fin.ger 11 interfaces by a process called "interleaving" (Turner, 1978). 
Turner has suggested that the salt finger fluxes in this process will be 
greater than those through the 11 diffusive 11 interfaces and so dominate the 
mixing. However, either type of interface may dominate, depending upon 
the basic vertical gradients present. As an example , calculations by 
Horne (1978) based on laboratory flux measurements suggest that 11 diffusive 11 
interfaces play a dominant· role where two water masses interleave at an 
oceanic front off Nova Scotia. 
The presence of double-diffusive convection suggests that 11 density 11 
may be transported against the density gradient and that heat and salt 
cannot automatically be given equal 11 eddy diffusivities 11 • In the absence 
of a more complete understanding of oceanic mixing this last result must 
5 
also apply to any extra properties, of which there are many present in 
ocean waters. In particular, investigations of ocean mixing have ut i li zed 
the movement of chemical tracers (such as total salinity, radon and tritium). 
This movement has been studied without a knowledge of the mechanisms by which 
m1x1ng occurs and it becomes necessary to investigate the transport of many 
components (including those in only trace concentrations) through laye red 
thermohaline convection. The behaviour of these fluxes should also lead to 
a better understanding of double-diffusive density interfaces. 
Interfacial fluxes 
\;Jhen only two components are present both types of interface must be 
described by the individual contributions, a6T and S6S, of temperature 
and salinity to the total density difference, 6p, between layers. The 
fluxes must also be dependent upon the molecular diffusivities, KT and 
KS' of the two components and upon the properties of the layer convection. 
If it is assumed that the flux of each component is independent of the 
layer depth, H, as is the case 1n high Rayleigh number convection, then 
the dimensionless heat flux may be written in the form (Turner, 1965) 
Nu= 1; = g ( Rp, Fr, T, Pr) Ra 3, ( 1. 1) 
where Rp = S6 S/a6T , T = Ks/ KT ' Pr= v/KT and vis the kinematic viscosity 
of the fluid. The overall temperature gradient between layers is 
3 
tT/H and Ra= gatTH /vKT is a Rayleigh number for convection in each 
1 
layer. A dependence upon an interfacial Froude number, Fr= u( p/g6pt )~, 
where u and £ are typical velocity and length scales for the convectio_n, 
has been included to indicate that transport may depend upon mechanica l 
interaction of the convection with the density interface. Such a 
dependence upon 6p has been detected in the laboratory for heat-salt 
11 diffusive 11 interfaces of low density ratio (Rp<2) and when exte rnally 
6 
imposed turbulence is added to the convecting layers (Linden, 1971; 
Crapper, 1976). Under most conditions though, experi ments show no 
dependence of fluxes upon t he absolute density step. The heat flux, 1n 
density terms and at fixed molecular properties, then becomes 
( 1. 2) 
A similar expression may be written for the salt flux so that the ratio 
of component density fluxes, r = sF5/aFT, is of the form 
r = f 2 ( Rp). ( 1. 3) 
Although this dimensional reasoning is equally applicable to both 
the "salt finger' and 11 diffusive 11 interfaces, the fluxes are very different 
due to the detailed mechanisms involved at each interface. The functional 
forms (1 . 1 - 1.3) have been confirmed empirically for systems using heat 
and salt (T~l0- 2 ) or salt and sugar (T~ 1/ 3) as the diffusing properties. 
On the other hand, th e observed structure of the "salt finger" interface 
and the resultant vertical fluxes remain poorly understood, largely 
because the nature of the coupling between interfacial fingers and layer 
convection has not been explained. 
8 10 
The high Rayleigh number convection 1n the mixed layers (Ra ~lO -10 ) 
and a knowledge of the nature of purely thermal convection have led to 
the construction of a model for the 11 diffusive 11 interface (Linden and 
Shirtcliffe , 1978). The relevant feature of thermal convection at 
5 
Ra>lO is the intermittent growth by diffusion of a thin buoyant boundary 
layer. Howard (1964) has described a periodic break down of this boundary 
layer, with the release of buoyant elements and its subseq uent redevelop-
ment by diffusion. This cyclic process has been observed by Foster (1971), 
Busse and Whitehead (1974) and Katsaros (1978) at both free and rigid 
5 11 boundaries and in a Rayleigh number range from 10 to 10 The boundary 
7 
layer grows until a local Rayleigh number based upon the boundary layer 
3 
thickness exceeds a critical value (of order 10 ). Then disturbances 
begin to grow with a horizontal length scale that, also, is determined by 
the thin boundary layer (Elder, 1968). After this time, all of the 
buoyant fluid takes part in convection 1n the form of thin, two-dimen-
sional plumes that become thicker as they entrain surrounding fluid 
(Katsaros, 1978). This type of convection, modified little by the presence 
of two components, is considered to provide the boundary conditions for 
the density interfaces of double-diffusive convection in a manner described 
in chapters 2 and 3. 
Three components 
A system containing multiple components with unequal molecular 
diffusivities may be adequately understood by considering only three 
components. The linearized stability analysis for gradients of three 
diffusing components, while not contributing directly to the main theme 
of equilibrium interfaces studied in this thesis, is explored in appendix 
A. This analysis determines those gradients of three components that are 
unstable to salt finger or oscillatory modes of small amplitude. Only 
modes which release potential energy may grow in amplitude. Under many 
conditions, both salt fingers and overstable modes can release energy, but 
the disturbance with the largest growth rate 1s realized. Once the 
gravitationally stable density gradient becomes unstable due to diffusion, 
either layered convection or a deep field of salt fingers will develop. 
The type of interface that .will form from an initial density discon-
tinuity may also be predicted. For two components , salt fingers will form 
and grow to large amplitude (Huppert and Manins, 1973) at a sharp step 
when the individual diffusivities and density contr ibutions satisfy the 
- 3/ 
condition Rp<T 2 • It will be seen in chapter 3, though, that this 
8 
* criterion is not that for the ex i stence of a steady, equilib rium "salt 
finger " interface. The correct criterion for equilibrium interfaces 
- 1 
between two mixed layers is Rp<T , and only salt fi ngers which continue 
- 1 - 31 
to grow to an infinite length are predicted when T <Rp<T 2 . 
Since Huppert and Manins' criterion remains important when added 
mechanical energy (above that released by the fingers) is available to 
maintain a sharp density step, its generalization to include many compon~ 
ents is given in appendix B. Salt fingers may form at a sharp step when 
-3; 
f.B 6C K 2 >0. In this case, components with relatively small diffu siv i-
1., 1., 1., 1., 
ties become important at small concentrations. The criterion is partially 
verified by experiments with three components, and these experimentsalso allow 
those conditions that give rise to a "diffusive" interface to be outlined. 
The transport of many components through a fully developed, equili-
brium "diffusive" interface is investigated in chapter 2. Only systems 
with layer conditions lying well beyond the marginal conditions for 
formation of a 11 diffusive 11 interface at a sharp step are considered. lvith 
three components (numbered in order of decreasing diffusivity), the 
dimensionless flux (1.1) now takes the form 
Laboratory measurements of the fluxes of multiple solutes th roug h a 
thermohaline interface are described and the results imply a surprisingl y 
large influence of molecular diffusivities. Comparison is then made with 
estimates of the relative vertical transports of major ionic species 
* An 'equilibrium' form of an interface refers to one that would be 
steady if the mixed-layer co nditions were held constant. Laboratory 
experiments are considered to 'run-down' through a series of quasi-
steady, or equilibrium, states as layer conditio ns slowly change. 
9 
through layered convection in Lake Kivu. For this lake, unlike most 
situations in the oceans, there exist sufficient data to enable fluxes 
and concentration gradients to be found. 
The "salt f i nger" interface 
The two-component, equilibrium "salt finger" interface is approached 
1n chapter 3 through a discussion of the coupling between laminar salt 
fingers of finite length and high Rayleigh number convection. A predic-
tion of the ratio of buoyancy (density) fluxes through such an interface 
becomes possible, and the structure of the interface is explained. The 
model is also readily extended to include a third component and predicts 
that a heat-solute finger interface, unlike the 11 diffusive 11 interface, 
cannot significantly separate individual solutes. 
Convection i n porous media 
Both the 11 diffusive 11 and 11 salt finger" interfaces have been assumed 
to be bounded by high Rayleigh number turbulent convection that is driven 
by intermittent breakdown of thin, buoyant boundary layers. Inertial 
forces are also present, causing turbulent entrainment and, under some 
cond~tions, mechanical mixing (Linden, 1974; Crapper, 1976). Convection 
of a fluid within a porous medium, though, differs from this viscous flu i d 
convection both in the laboratory and in geophysics as only moderate ly 
supercritical Rayleigh numbers (R ~lOORc) are reached. Further, inertia l 
m m 
effects must always be negligible, raising the possibility that convectio n 
might not maintain a thin double-diffusive density interface against 
spreading by diffusion. 
Layered thermohaline convection within a porous medi um ha s not 
previously been considered but might occur within geothermal systems if 
hot brines remain beneath cooler and less saline ground waters. Both 
heat and salt fluxes could then be significantly different from those 
given by thermal convection throughout t he whole de pth of the fluid. 
- ----------------- - - - ---- - -- -
10 
In chapter 4 experiments are described which show that a steady 
"diffusive" interface can exist within a porous material. The heat 
and salt fluxes have been measured, and their behaviour compared 
with that for a "diffusive" interface in a viscous fluid. 
<ii 
2.1 Introduction 
11 
2. MULTIPLE TRANSPORTS THROUGH 
11 DIFFUSIVE 11 INTERFACES 
The fluxes of two properties through a 11 diffusive 11 interface between 
convecting layers has been studied in laboratory experiments. When salt 
(sodium chloride in all such experiments) and heat are the diffusing 
properties, their contributions to the density difference across the 
interface are a6T and 86S respectively, where a6T provides the potential 
energy to drive convection. The ratio of fluxes in density terms, 
r = sFs/aFT' has been found to be roughly constant if the density ratio 
for the interface, Rp=86S/a6T, lies in the range 2<Rp<l0 . Turner (1965), 
Crapper (1975) and Marmorino and Caldwell (1976) all found the value 
r = 0.15 ± 0.02, although the latter authors report a larger ratio when 
very low heat fluxes were used. When Rp< 2 all investigations gave a flux 
ratio which increased rapidly towards unity as the layer densities 
became equal at Rp=l. Linden (1974) has attributed this behaviour to 
increased mechanical mixing at lower interfacial Froude numbers. 
Shirtcliffe (1973) has measured the ratio of buoyancy (density) fluxes 
across the analogous interface formed when salt and sugar are the diffus-
ing components. He found the constant valuer= 0.60 (where the comp onent 
with the greatest molecular diffusivity provided the greatest contribu-
tion to the buoyancy flux) even for values of Rp very close to unity. 
This ratio is that predicted by supposing that transport was entirely by 
12 
molecular diffusion down th e me asured concentration grad ients at the 
centre of the laboratory interfaces. 
Linden and Shirtcliffe (1978 ) have developed a model for the 
11 diffusive 1' interface. They consider the intermittent grow th and 
breaking away of unstable diffusive boundary layers at the edge of a 
gradient region through which all transport is by molecular diffusion. 
t·J i th a di ff us i vi ty rat i o T =KS/ KT , the mode 1 pre di ct s a b u o ya n c y f 1 u x 
k 
ratio of T 2 • The same result was obtained by Veronis (1968) for the 
1 
limit Rp ~ 1. For the heat-salt system T~ = 0.11, while in the salt- sugar 
k 
experiments T 2 = 0.57; both values being only slightly less than the 
measured ratio of buoyancy fluxes. 
Turner, Shirtcliffe and Brewer (1970) have reported some exploratory 
experiments in which they measured the relative fluxes of several salts 
through a 11 diffusive' 1 interface. Their results suggested that any two 
fluxes in density units, normalised by the individual contributions to 
k the density step, were unequal and possibly in the ratio (K. / K. ) 2 • To 
'i J 
explore this behaviour further and to test our understanding of the inter-
face, the two-component model of Linden and Shirtcliffe is extended 1n 
§2.2 to include a third diffusing component. An important case is that 
where only two properties, one of which is tempe rature, influence the 
convection while the third is present in only trace amounts. Extensive 
flux measurements for a multi-component thermoh aline interface are 
presented, along with evidence that suggests that the laboratory results 
are relevant to one natural system. In both cases, mo lecular diffusivit ies 
appear to have a large influence upon the vertical transport of individual 
properties. 
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2.2 A Model Interface 
Laboratory observations support the view that a buoyant boundary 
layer grows by molecular diffusion at the edge of a purely diffusive 
11 core 11 • When a local Rayleigh number (based on the boundary layer 
thickness) exceeds a critical value, buoyant elements are released into 
the adjacent well-mixed layer, leaving the boundary layer to grow again. 
In fact, there will be a boundary layer for each component, coupled to 
the individual gradients in the 11 core 11 and allowing unequal fluxes. 
Consider a two-layer system with a concentration step ~C. of the 
'l, 
i'th component across the interface. Let the corresponding density step 
be s .~C.< 0 when the component is stably distributed and K. the diffusivity. 
'l, 'l, 'l, 
Immediately after the release of a buoyant element each profile will 
contain a sharp step,denoted by s .oC./2, at the interface edge. An 
'l, 'l, 
idealized profile is sketched in figure 2.1. At this stage we know only 
that O<l s .oC.l<IB.~C.I if we neglect inertial forces of the convective 
'l, 'l, 'l, 'l, 
motions and say that fluid from each layer cannot pass beyond the 
centre of the interface. If it is assumed that all of (and only) the 
buoyant fluid takes part in convection, then the density profile is always 
continuous and 
IS oC = 0 
i i i ' 
( 2. 1) 
where the fluid density is given by p = p (l+ IB C ). 
0 . • . 
'l, 'l, 'l, 
h: Each component will form new boundary layers of thickness d. ~ 2( K.t) 2 • 
'l, 'l, 
When the error function diffusion profiles are integrated from the edge 
of the 11 core 11 to infinity the flux ratios, given entirely by the contents 
of the boundary layer when it breaks away, become 
F. ~oc. K .%)\ 
~ = 'l,~ 
F. oC. K . J J J 
( 2. 2) 
i 
I~ 
I 
I 
I 
-) ,~ 
I 
I 
I 
interface I I I 
t 
Figure 2.1 
I 
I 
p 
Idealized density profiles through a "diffusive" interface 
before a buoyant boundary layer begins to grow. The property 
with the greatest diffusivity must be heavy at the top. 
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A third condition is found by requ1r1ng that the f luxes through the 
boundary layers and the core be equal over time scales longer than the 
characteristic time scale for the intermittent convection. From steady 
diffusion through the core these fluxes satisfy 
F. K.(6. C.-oc.) 
-i _ 'i 'i 'i 
~ - ~ 6C .-c5C. · 
J J J J 
( 2. 3) 
Two components 
Relations (2 . 1-2.3) give 2N-1 equations for N components and can be 
solved for all oC. and Fi/F .. Letting S 1 = a and 6C 1 = -6T, the two-
'i J 
component case considered by Linden and Shirtcliffe is described by 
~ ~ oT 1-T 2Rp (2.4) sos acST, 2 = r = T - = 
' tT 1 ' 1 ~ 
-T 
and they point out oT -~ -~ that /tT->- 0 when R ->- T • At R > T 2 this steady p p 
state model can no longer describe the interface as the boundary layer 
cannot remove all of the density that diffuses through the 11 core 11 • The 
model must· also break down when R ->- 1 since no contribution to the fluxes 
p 
by mechanical mixing has been included. The model is expected to be 
-1: 
applicable for 2 < R < T 2 and does predict constant flux ratios close to p 
the measured values. 
To include the relative concentration steps more explicity, (2.4) may 
be rewritten in terms of individual "transport coefficients", K. = Fi/6C., 
'i 'i 
which have the dimensions of velocity. Then 
15 
The absolute fluxes may be found from the model by requiring that 
fluxes through the core and boundary layer be equal for an interface that 
is in equilibrium with the mixed-layer conditions. Linden and Shirtcliffe 
find 
(2.6) 
3 
where R (-10 ) is the critical Rayleigh number for convection of the 
C 
buoyant boundary layer. The thickness of the diffusive interface, defined 
ash= (6T - bT) FT/ KT,may be found from (2.4) and (2.6) and may be 
written as 
( 2. 7) 
-k When RP+ 1, h + 0 and when RP+ T 2 , h + 00 and FT+ 0. Note that this 
thickness is slightly different from that obtained with the definition 
Three components 
For three components let K1 > K2 > K3 , with T 2 = K2 /K 1 , T 3 = K3 /K 1 
and T = K3/K 2 = T3/T 2 . The interface stability is now best described by 
a ratio of the sum of all stabilizing density steps to the sum of all 
those which provide potential energy for convection. For example, with 
two solutes stably distributed and temperature destabilizing a total 
stability ratio is 
> 1. (2.8) 
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For this system, equations (2 .1- 2.3 ) give the solut ions 
Ki/K. = f(R T, s36C3/ S26C2 ). Examples of these solutions are shown J p 
_ 2 1 / 
3 in figure 2.2 for the system with T2 = 10 and T = The model breaks 
down at Rc = (l+S36C3/ S26C2)/(T 2~+T3~S 36C3/ S26C2 ). It is seen that, p 
because both T 2 , T 3 << 1, the ratio of mixing coefficients has onl y a 
small dependence upon the solute concentration ratio, S36C 3/S 26C 2 • Then 
fluxes through the model interface are adequately described by the limit 
~ T 6C3/6T+O, 6C 3/6C 2+0 and T 2 2 << 1. In this limit, R +R and equation p p 
(2 . 6) still gives the predicted heat flux, while the flux ratios become 
(2.9) 
T 
-=~-~~~~~-
In the limit R + 1 it can be shown that oCi/6C.+l as in (2.4). The 
p ~ 
diffusive interface becomes thin and the nature of the flu xes is dominated 
by the intermittent boundary layers. K K ~ Hence i / K .+( i / K.) 2, al though 
J J 
mechanical mixing is known to occur in this limit and the model is not 
realistic when the 11 core 11 thicknes s approaches t he boundary layer length 
scale. On the other hand, oCi/6C.+0 when R +R c and the intermittent edge 
~ p p 
of the interface cannot influence the fluxes. Tra nsport is then dominated 
by a thick diffusive 11 core 11 and Ki /K.+Ki/K. as expected for steady diffusion 
J J 
alone. Similar results may be fo und for systems wh ich are not described 
by (2.8). 
Figure 2. 2 
·60 
· 55 
·50 
·40 
-35 
2 10 
The predicted t ran sport coefficient ratio for two solutes 
as a function of interface stability (RT given by 2.8) and 
p 
the ratio of t wo stabilizing density contributions , 
B36C 3/ B26C7 (values mark ed). The values K2/KT = 10- 2 and 
1 = K3/K 2 = 1 / 3 are used. 
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2.3 The Experiments 
A stable two-layer salinity distribution was heated from below and 
cooled from above. All experiments used a salinity which was composed 
of the three salts: KCl, NaCl and MgC1 2 ; and the co ntributions of ·the 
sa lts to the density step be twee n l ayers were always approximately in the 
ratio 1 : 8 : 1 respectively. While the model of §2.2 was discussed for 
a three-component system, the addition of~ third salt (i.e. a fourth 
component) in minor concentrations will enable a much greater amount of 
information to be obtained, from any one experiment, about the influence 
of molecular properties. 
Apparatus 
The experiments were performed in a tank with perspex walls of cross-
section 20cm x 10.6cm and 30cm deep. An aluminium base allowed heating 
from a ~ot plate ·which could be adjusted to any desired temperature while 
chilled, thermostated water was circulated through a metal lid similar 
to that described by Marmorino and Caldwell (1976). Although the inter-
facial heat flux was not measured, possible influences of side-wall heat 
losses were reduced by insulating the tank with expanded polystyrene. 
Temperatures at the centre of each layer were monitored continuousl y 
on a chart recorder by using small bead thermistors mounted on the ends 
of perspex shafts. These were inserted through the top of the tank and 
clamped in position. Four syringe needles (0.1cm diameter) projected 3cm 
into the fluid through the tank wall at a 4cm vertical spa cing, allowing 
1 ml samples to be withdrawn at prescribed times. Samples were stored in 
+ + ++. 
small sealed syringes and later analysed for Na , K and Mg ,on concen-
trations using atomic absorption spectrophotometry. 
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Procedure 
Two layers of equal depth and temperature were carefully placed 
1 n the tank before each 11 run 11 • In some experiments, a heat flux was 
applied soon after the salinity step was established; then layer tempera-
tures were brought slowly to the values required to give a desired 
ratio, RpT, while maintaining a mean temperature close to that of the 
room. The interface appeared to rapidly thicken to an equilibrium state 
and the first samples were withdrawn two to three hours later. In other 
experiments, the salinity step was allowed to diffuse for 24 hours (giving 
2IK5t ~ 2cm) before heating and cooling was begun. In the latter approach 
convection reduced the thickness of the interface before an equilibrium 
state was achieved . 
Once an equilibrium state was reached, the density ratio (see 2.10) 
usually continued to decrease from one sampling period to the next due to 
the continuous addition of energy to the temperature field from the top 
and bottom boundaries while the salinity step could only decrease. However, 
several runs concentrated upon increasing or decreasing ~T between sampling 
periods so that the system could be driven in either direction along the 
RT axis while it still remained sufficiently stable (RT~ 3). At lower p p 
density ratios, variations of 6T were not attempted during a run. 
In all but one experiment the bottom layer contained three salts while 
the top layer was initially fresh. Then the total stability ratio is 
R T = 
p 
B26C2+S36C3+S46C4 
a6T 
(2.10) 
The rema1n1ng experiment was designed to investigate the combined influence 
upon the salt fluxes of thermal diffusion and the diffusion of minor salts 
due to the relatively large gradi ent of sodium chloride. Hence, a stable 
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density step due only to sodium chloride was established with both of the 
minor components initially in the upper layer. The steps B36C3 and 
Bt~6 C,~ then added to a6T i nstead of the numerator in (2 . 10) . In all 
experi ments the initial concentrations gave a total salinity for the 
lower layer in the range from 3%a to 22%0. 
Samples were withdrawn at intervals ranging f r om one hour apart at 
very low stabilities to typically 12 hours apart near RT= 10. Errors due 
p 
to spatial variations of properties within each layer were reduced by 
simultaneously withdrawing two samples from each layer . Concentrations of 
_ 2 
each salt (in the range 10 -20%0) were obtained for the samples, with 
analysis errors always less than 2%. 
2.4 Diffusion Coefficients 
Appropriate molecular diffusion coefficients have been found from the 
II 
data of Washburn (1926), Jost (1960), Tyrrell (1961) and Landolt-Bornstein 
(1968, Table 2522). The best values at the experimental conditions appear 
to be K3/ K2 = 0.79 + .03, K4/ K2 = 0.60 ~ -06 and K4/ K3 = 0.75 + -05, 
where KCl , NaCl and MgC 12 are components 2,3 and 4 respectively. 
_ 3 2 1 
The thermal diffusivity is 1.4 x 10 cm s and the ratio of diffusivities 
of NaCl and heat is K3 /KT = 0.012. 
To compare measured fluxes to the predictions of the interface model, 
an effective diffusion coefficient, K.*, which includes the influence of 
1., 
Soret diffusion for eac h property, mu st be found. Each component flux can 
--t be written as F. 
1., 
*-t K . vc . , where 
1., 1., 
K.* ~ K.(1 + s.C.vT/vC.) 
1., 1., 1., 1., 1., · 
Availa ble data for the Soret coefficients , s . = s.(C., T), (Landolt-
1., 1., 1., 
II 
(2.11) 
Bornstein, Table 25425; Caldwell, 1973) suggest the appropriate values to 
' 20 
_3 _3 _ 4 
be: S2 ~ 1.6 x 10 ; S 3 ~ l.Q x 10 ; and S4 ~ 2 x 10 Within the 
-+ -+ -diffusive 11 core 11 a first approximation gives s.C. vT/vC. ~ s .(s .C. /a.) 
b b b b b b 
K , ~ T - . ( b/KT) 2 (a.tiT/ 13 .tiC.) at R - 1, where C. 1s a mean concentration 
b b 0 ~ 
the interface. Similarly, s.C.VT/ vC . ~ s.( s .C./a. ) (a.6T/s.tiC.) at 
b b b b . b b b b 
through 
RT - 10. 
p 
* Both of these expressions give a contribution to K . in (2.11) of less 
b 
than 1% for the experiments reported here. However, temperature gradients 
can be more important in the intermittent boundary layers. Here, 
-+ -+ VT/vC. ~ oT/oC. and use of (2.2) implies that B3oC3/ aoT ~ 0.8. b b 
and s2oC2/ aoT ~ S4oC4/ aoT ~ 0.1. The influence of Soret diffusion 1n the 
boundary layers 
magnitude. When 
is then independent of RT and may have a significant 
p 
all solutes are stably distributed, (2.11) gives 
* * * K2 ~ 1.08 K2 , K3 ~ 1. 05 K3 and K4 ~ 1.01 K4 • Gradients within the 
11 core 11 must adjust to balance the fluxes, given the spatial variations 
of diffusivities. 
No relevant data are available to assess the role of solute-solute 
diffusion cross-coefficients. It is unlikely that the sodium chloride 
diffusion fluxes in the present case could be altered by the presence of 
the minor component gradients. However, it is possible that the flux of 
each minor component due to the gradient of NaCl 1s comparable to the 
fluxes induced by their own gradients. The data of Fujita and Gosting 
(1960) and Reinfelds and Gosting (1964) suggest that cross terms in the 
Onsager relations can be significant when ions of sufficiently different 
mobilities are present. 
2. 5 Results 
The lifetime of a two-layer system 
Each run was terminated after a number of sampling periods (usually 
five or six) for one of two reasons. Most dramatically, when driven to 
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very low stabilities, the system overturned at a value of RT sli ghtly p 
greater than unity. This is thought to be due to a relatively ordered 
motion within one or two convection cells in each layer and superposed 
on the turbulent convection. The ordered convection was dominated by the 
buoyancy flux through the upper and lower boundaries so that warm fluid 
in the upper layer moved away from the interface at positions where warm 
fluid in the lower layer approached the interface. In response to these 
horizontal property variations the interface acquired a slope which 
increased with decreasing interface stability. On the other hand, more 
turbulent motions tended to converge or diverge at the interface in a manner 
similar to the convective motions observed with a salt-sugar "diffusive" 
interface. The shadowgraphs of figure . 2. 3 show the nature of an interface 
at several values of the density ratio. At RT ~ 6 the interface is not 
p 
truly one-dimensional and at RT< 2 the slope of the interface's mean 
p 
position is obvious. The influence of inertial forces cannot be seen when 
RT> 3 but, at l ower density ratios, penetrative convection produces inter-
P 
facial waves. These waves become large enough when RT < 2 to break and 
p 
cause mixing of the two layers. 
If overturning did not occur first then interface migration, as 
observed by Marmorino and Caldwell (1976), limited the useful lifeti me of 
a run. At RT ,-.J 10 the interface migrated by no more than 0.1 cm/day. p 
This increased to as much as 1 cm/day near R = 3 but depends also upon 
p 
6T and the interface position. Runs were terminated if the interface 
moved more than about 2cm from the centre of the tank. The interface 
moved upward ,n all experiments, a behaviour which is probably due 
primarily to a significantly greater coefficie nt of thermal expansion ,n 
the lower layer. Convective velocities are then greater in the lower layer 
than in the upper layer, causi ng an imbalance in entrainments of fluid 
from the i nte rface. A lowe r fluid viscosi ty in the warmer , lower layer 
(a) 
( b) 
(c) 
Figure 2.3 Shadowgraph photographs of a thermohaline 11 diffusive 11 
interface as it is driven towards lower density ratios: 
(a) Ri~6; (b) Rl~2.5; (c) RT~l.3. The scale is in centi-
meters from the base. A th~rmistor probe passes through 
the i n te r fa ce i n ( a ) an d ( b ) . 
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will tend to increase such a velocity difference. 
Transport rati os 
The transport coefficient, K, of a given upward moving property was 
derived from the measured concentrations using 
where samples were taken at times 'a' and 'b', the subscript 'u' refers to 
the upper layer, His the layer depth and K has the dimensions of velocity . 
This expression remains valid when there is a net flux of fluid through the 
interface in the opposite direction to the component flux, and further 
simplification is possible when two component concentrations are measured 
in the same sample (or layer): the derived ratio K./K. is then independent 
i, J 
of the time interval and the layer depth. For most experiments all concen-
trations experienced large percentage changes in the upper layer and only 
samples from that layer were used to find transport ratios. 
A flux of fluid in the same direction as a solute flux, however, 
implies a contribution from entrainment to the measured concentration cha nge. 
Then, for the case of downward moving properties and an interface moving 
upward, 
' 
where H£ = \( H ta- + Ht b) and the subscript ' t I refers to the lower layer. 
Experimental values of three salt 11 transport coefficient 11 ratios are 
plotted against interface stability, RT, in figures 2.4(a)-(c). The 
p 
straight lines are separate least-square fits to the points in the ranges 
2 <RT< 10 and RT .< 2 for those experiments (open circles) in whic h all p p 
l·O 
0 ·8 
0 ·6 
~ 
K2 
0 ·4 
0 ·2 
0 
Figure 2.4 
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0 
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0 
0 
(a) 
2 4 6 8 10 12 
Transport coefficient ratios obtained from the experiments 
plotted against the interface stability, RT, given by 
(2.10) . Filled circles are results obtain~d when KCl 
and MgC1 2 travelled in the opposite direction to NaCl 
and heat. Curves are predictions of the model interface 
with (~ ~ ~) and without (~·~·~) Soret 
diffusion, and error bars on the former are due to 
uncertainti~s in the diffusivity ratios. The values of 
the effective molecular diffusivity ratio are marked 
near the axis. 
(a) Ratio of Na ( 3) and K(2) transport coefficients; 
K3/K2 ~ 0. 79. 
( b) Ratio of Mg(4) and Na(3) transport coefficients; 
K4/K3 ~ 0. 75. 
( C) Ratio of Mg(4) and K(2) transport coefficients; 
K4/K2 ~ 0.60. 
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salts were initially in the lower layer . In the latter region the lines 
T 
were constrained to pass through K./ K. = 1 at RP = 1. Each point shows 
~ J 
the mean of two ordinate values fou nd from two samples withdrawn simultan-
eously from different points within the same convecting layer. Typical 
deviations between the two values are shown as error bars and should include 
all errors of sampling and analysis. Such experimental errors, though, 
are not the main cause of the observed scatter. The li nes fitted to the 
data are not intended to imply any physical meaning, but rather to indicate 
the important trends within the scatter of the data. Salt-heat flux ratios 
previously obtained for a 11 diffusive 11 interface provide some precedent for 
dividing the present data into two regimes. These regi mes meet at 
RT ~ 2.3, in agreement with the heat/salt data for which two regi me s meet p 
at R ~ 2. 
p 
Transport coefficient ratios predicted by equations (2.9 ) are compared 
to the data of figure 2.4. The upper curves assume no molecular i nter-
actions between properties while the lower curves include the maximum 
predicted influence of Soret diffusion for the case in which all three 
salt fluxes are directed upward. For heat and salt, Turner (1965) and 
Crapper (1975) found that the ratio (Fs/~S)(~T/ FT) followed the curve 
-1 K /K ~ 0.15 R when R > 2 but that it increased rapidly towards unity 
s T p p 
at lower density ratios. The transport ratios for several solutes show 
a similar agreement with the model at 2 <RT< 4 where 
p 
within the uncertainties of the di ffusivity ratios. We 
K~ * K./K . ~ ~/K. to 
~ J J 
can ~lso say that 
the various transport ratios decrease i n proportion to a decreasing value 
of Ki/Kj . At RPT < 2 t he ratio again i ncreases toward unity . At high 
density ratios, on the other hand, the influence of molecular properties 
is much greater than predi cted . 
When KCl and MgC1 2 we r e initially in the upper layer so that their 
fluxes were in the opposite direction to those of heat and NaCl, the 
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measured transport ratios (_filled points1 lay well within the scatter 
of the other data. This implies that there were no significant solute-
solute interactions at the molecular level. For example, if the observed 
downward trend of the data was caused by altered diffusivities of both 
minor components due to the large NaCl gradient, then the filled circles 
would have fallen well above the model curves in figure 2.4. The upper 
limits on the influence of Soret diffusion are also verified. Only an 
inadequate description by the model of Linden and Shirtcliffe (1978) 
of the convection-diffusion coupling remains to explain the observed 
behaviour at large RT. 
p 
Absolute fluxes 
Although the flux of heat has not been measured in the experiments 
reported here, some comparisons with previous work on interfacial fluxes 
is needed. For this purpose the total density flux due to solutes, 
SJ\= S2F2 + s3F3 + S4F4 , has been normalised by the 11 solid plane 11 heat 
flux, aF5P, and plotted against the density ratio in figure 2.5 (circles). 
The 11 solid plane" flux, 
was first used by Turner (1965) and is the heat flux that would occur if 
the interface were replaced by a thin, rigid and conducting boundary. 
Marmorino and Caldwell (1976) suggest that the curve 
provides a reasonable fit to their data for the normalised interfacial heat 
flux in a heat-salt system. Combining this expression with the flux ratio, 
SF T 
r = S/aFT' and replacing RP by RP gives a dimensionless total salt flu x 
'xX X 
10-1 t 
• x1-
f3Fs X( ~~ 
\ • • ~ i~,&Jt X SP 
aF .. 
• X. • 
- ~ X 10-2 * ~ ox ox • • • • 
• • • 
• • 
10-3 L--~....__~~~-"-~~~--'-~~~~..___~~~__._~~~___._~~~~ 
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Figure 2. 5 
4 6 8 10 12 14 
Measured sal t fluxes, SFs = 81F 1 + 82 F2 + s3F3, normalised 
by the 11 solid plane 11 heat flux, (circles). Open circles 
were obta i ned when the minor components were initially in 
the upper layer . Crosses are the dimensionless heat fluxes 
of Marmorino and Caldwell (1976) multiplied by 0.15. The 
curve is that given by (2.12) with r = 0. 15 
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= r x O . 10 1 ex p { 4 . 6 exp [-0 . 5 4 ( RP T - 1 ) ]} (2.12) 
In figure 2.5 1s shown the curve obtained from (2.12) using the 
constant empirical value of r = 0.15. Similarly, the data of Marmorino 
SP 
and Caldwell for FT/F have been multiplied by r = 0.15 to obtain the 
points plotted as crosses. These data were obtained from me asureme nts of 
the heat flow through the base and lid of their tank, whereas the deter-
mination of the total salt flux relies upon a knowledge of the layer depths 
(a poorly defined quantity) and perfect mixing within the upper layer which 
cause a greater scatter in the data for the dimensionless salt flux. The 
two sets of data are reasonably consistent, although a slightly smal ler 
flux ratio (r = 0.10) or a smaller dimensionless heat flux in (2.12) would 
produce a better agreement. The comparison suggests that the dimensionless 
heat flux t and the salt to heat density flux ratio for the multi-component 
experiments were very similar to those measured in two-component systems. 
The ratio, SFs/aFT' also appears to have been roughly constant for 
R T > 2. If r-+l then Sf\/ aFSP should increase more rapidly than (2.72) and p . 
this behaviour can be seen at RT< 2. 
p 
One further comparison is useful. In figure 2.6 are plotted the data 
for the interface thickness, h, determi ned from shadowgraph observations. 
These are compared to the predicted values found from the definitions 
h = (6T-ET)FT/ KT (solid line; equation 2.7) and h = 6TFT/ KT (broken line). 
When the interface is thin and disturbed by convection (RT< 3), h ca nnot 
p 
be estimated from the shadowgraph. On the other hand , the model does not 
r Assuming r = 0.15 in the experi men ts reported here ~ (2.12 ) 
gives absolute heat fluxes ra ng inq between 2 x 10- 3 cal cm- 25-1 d 5 lo 2 l 2 - 1 2 2 an x - ca cm s (4.8 wm- to 120 wm- ). a6T varies 
by a factor of 24 and the lowest heat flu xes are one order of 
magn itude less tha n t hose of Turner (1965) and Crapper (1975) . 
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Measured interface thickness (0.2 to 4cm) compared to 
the model prediction (equation 2.7). The broken line 
is the predicted value of h if it is defined as 
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apply at RT> T - ~ and interfaces are thinner than predicted when RT> 6. 
p J p 
This latter observation is consistent with transport ratios that are 
T k 
smaller than predicted: near R = T- 2 a smaller h mus t imply that the 
p 
ratio of gradients through the interface core, and therefore the ratio of 
transport coefficients, Ki/K., are further from unity. However, the coup-
J 
ling of these gradients with the convection is not understood. At RT> 3 p 
the data agree with the interface thicknesses recorded by Marmorino and 
Caldwell. 
k The flux ratio r = 0.15 is greater than the value of T 2 (=0 . 11) for 
sodium chloride and heat. Linden and Shirtcliffe (1978) suggest that the 
added salt transport above that predicted by their model could be explained 
by some viscous entrainment of fluid from the interface "core" and this is 
consistent with the observations of interface migration. Marmorino and 
Caldwell have measured higher flux ratios at very low heat fluxes and this 
result too has been attributed to increasing entrainment of non-buoyant 
fluid or to greater mechanical mixing as the density step ~P is decreased 
(hence a Froude number is increased). On the other hand, the results of 
figure 2.4 appear to conflict with the possibility of greater entrai nment 
because the greater separation of solutes would only occur if not all of 
the buoyant boundary layer took part in convection. Further, the greater 
entrainment of salt required by the flux ratios of Marmorino and Caldwell 
was not accompanied by any significant increase (due to mechanical mixing) 
of the dimensionless heat flux. These observations have not been reconciled, 
but the importance of molecular properties for all components which pass 
through a "diffusive" interface has been established. It is even possible 
to achieve a separation of molecular species greater than that given by 
linear molecular diffusion. 
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2.6 Implications for Lake Kivu 
Lake Kivu lies in the East African Rift Valley and, like the Red Sea 
and Black Sea, is known to be "diffusively" stratified. Temperature 
profiles in the Northern Basin (figure 2.7) reveal distinct well-mixed 
layers throughout much of the 500m water column (Newman, 1976). Degens, 
van Herzen, How-Kin Wong, Deuser and Jannasch (1973) report a comprehensi ve 
study of the lake's chemistry . As shown in figure 2.8, it is stably 
stratified, predominantly by comparable concentrations of sodium, magnesium 
and potassium which are present with chloride and sulphate. Many other 
dissolved solids and gases are present in smaller amounts and the total 
salinity near the lake bottom is about 3.6%0. The Ruzizi River continuously 
removes salt (at 0.7%0) from the surface layers of the lake, while both salt 
and heat are considered to be supplied by injection of hot brines through 
the lake floor. The chemical and thermal structure of the main basin appear 
to be horizontally uniform. 
Newman (1976) has used the experimental results of Turner (1965) (to 
which Huppert, 1971, has fitted a smooth curve) to calculate an upward heat 
_4 2 1 
flux through the layered convection of the order of 4 x 10 cal cm s 
_2 _ 9 2 1 (0.9 Wm ). The corresponding salt flux becomes 1.2 x 10 gem s 
_ 8 2 _l (1.2 x 10 Kgm s ) and this is 1n satisfactory agreement with the average 
salt output of the Ruzizi River. These calculations were based on esti mates 
of a6T and S6S across an individual interface. The results can be us ed 
to estimate a characteristic decay time for the salinity structure of t he 
lake: a time of 250 years is required to halve the average salinity grad ient 
after the salt source and outflow, but not the heat flux, are removed . 
Similarly, a decay time for the temperature field becomes 40 years, whereas 
the lake's temperature profile appears to have been al most co nsta nt over 
the period from 1935 to 19.73 (_see figure 2. 7 and Newman, 1976 ) . Sedimentary 
TC MrEn/\TUnC 
GH A DIENT ( °C/M ETER) Tl:.M PERATUHE ("C) 
- 0 .2 - 0 .1 0 0 .1 0 .2 22 .5 23 .0 23.5 24 .0 24 .5 25.0 25.5 
...=..:...::=-----=.,:_:___...,;-_-.;.-_-=-;...::..:......--~----..---
25 
50 
75 
100 · 
125 
150 
(/) 
n: 
w 175 r-
w 
z 
200 
I 
t-
o_ 225 
w 
0 
250 -
275 
300 
325 
350 
375 
Figure 2.7 
... 
' . 
~ 
I 
. 
1 
I 
\ 
-~ 
-~ 
~ 
- ·l 
.. ... 
. : ~ 
:, 
( 
·- -~ 
- ·- ~ 
- ~ 
- ~ 
' I 
-=-~ 
- '.~ -::H ~ 
. - ----... 
-.~ 
-· ·-
"' 
,-
-
T 
A 
t 
8 
C 
D 
I 
I 
I 
\ 
. ' 
\ 
\ 
' \ \ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
' 
' 
' 
' 
STATION 5 
LAKE KIVU 
NORTHERN BASIN 
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(From Ne wman, 1976) . 
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Distribution of major cations (Ca, Mg, K, Na) in Lake Kivu 
water from nine stations. (From Degens et. al. 1973). 
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evidence pre sented by Degens et al . (1973) suggests that the lake's 
present chemical environment 1s of the order of 1200 years old , while the 
same authors conclude from the la ke 's salt budget that hydfothermal dis-
3 
charges would replace the lake's wate r vol ume in 10 years . It is there-
fore tentatively supposed in the following t hat the system is i n a steady 
state. 
Two independent estimates of the influences of molecular properties 
upon the component fluxes are possible from the data on major ion concen-
trations (Table 3 of Degens et al.). First, flux ratios Fi/F. through the 
J 
layered structure may be equated to concentration ratios in the river 
outflow. This neglects the addition of salt by surface run-off into the 
lake. However, creek salinities are less than 7% of that in the river 
outflow and the upward salt flux balances the river output to better than 
an order of magnitude, so that concentration ratios are probably not 
greatly altered by run-off. Secondly the flux ratios may be approximated 
by the ratio of concentrations near the lake bottom. Indeed, Degens et al. 
suggest (from the water chemistry of other la kes in the area and from the 
18 
0 _ isotope concentrations) that each solute concentration in the injected 
brine is 1.6 ti mes that in the bottom layer of the lake. With both of these 
approaches the measured concentration gradients (see figure 2.8) give a 
mean value for the ratio of concentration steps across individual inter-
faces and enable the transport ratios (Fi/ F .) (6Cj/6C.) to be calculated. J . ~ 
Most of the well-developed layering occurs at depths between 175m and 
350m where interfaces have an average density ratio of 1.9 < 
The calculated transport ratios for K, Na, Mg and Ca through 
T R < 2.1. 
p 
this regio n 
are given in Table I, along with a mean of the two independent values. 
All ratios but that involving ca lcium are significantly less than unity. 
The two independent estimates show reasonable agreement and are consistent 
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with the experi mental values taken from the least-square fits of figure 
2.4 at RT= 2. The distribution of dissolved calcium is controlled by 
p 
precipitation from the upper layers of the lake so that the river output 
data are expected to give Kca/KNa < 1 while the bottom influxes should 
give KCa/KNa > 1, and this is found to be true. The results for K, Na and 
Mg indicate that the rate of vertical mixing of each major cation is 
influenced by its own molecular diffusivity. This in turn causes the 
concentrations of individual components throughout the lake to be deter-
mined by their different molecular properties. 
K Na/KK K Mg/KNa KMg/KK Kea/ KNa 
Using River Outflow 0.72 0.78 0.56 0.31 
Using Brine Input 0.89 0.89 0.79 1.83 
Mean 0. 81+.08 0.84+.05 0.68+.ll -
- - -
Experiment 0.88+0 . 05 0.75+.07 0. 66+.10 -
- - -
TABLE I Two independent estimates of the transport ratios of major ions 
in Lake Kivu, their mean and the experimental ratios at RT= 2.0. 
p 
In attributing unequal transport coefficients to the presence of 
11 diffusive 11 interfaces it is of interest to consider the steadiness of the 
layer structure. A series of layers in a two-component system is predicted 
to be unstable (Huppert, 1971) when the flux ratio changes with R . 
p 
Individual interfaces in Lake Kivu lie on the edge of, or just within, this 
unstable regime (RT< 2) for heat-salt systems so that they might not be 
p 
steady. However, if they are unsteady (say, like the interfaces observed 
by Linden, 1976) then we need not expect transport ratios much less than 
unity and there remains to be fou nd an explanation for the fairly uniform 
layer depth observed by Newman (1976), along with a mechanism for the 
creation of new layers. 
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2.7 Conclusions 
Simultaneous fluxes of three salts through a thermohaline "diffusive'' 
interface have been measured. Two of the salts were present in relatively 
small concentrations but the results are valid for more general systems. 
Ratios of the "transport coefficients", K. = F ./ t::. C., are further from 
-i -i -i 
unity than previously supposed, indicating a greater importance of molecular 
properties. At interfacial density ratios from -RT= 2 to RT= 4 the p p 
transport ratio for any two components is described adequately by the ratio 
of corresponding (effective) molecular diffusivities. The earlier measure-
ments of Turner, Shirtcliffe and Brewer (.1970) are consistent with this 
result but the scatter of their data is large. At higher density ratios 
there are still greater separations of components, a result which remains 
unexplained, particularly with the presence of a salt/heat flux ratio which 
~ is closer to unity than (K5/KT) 2 , The experiments indirectly confirm a 
flux ratio of 0.15 for sodium chloride and heat at heat fluxes one order of 
magnitude less than those used by Turner (1965) and Crapper (1975). 
Comparison is made with Linden and Shirtcliffe's (1978) model for the 
interface as their discussion of a two-component system is readily extended 
to include multiple components. The model implies that intermittent 
boundary layers dominate the interfacial transports at low density ratios 
1 (in the absence of turbulent entrainment), giving K./K. = (K./K .) ~ when 
-i J -i J 
RT= 1. A steady diffusive "core" comes to dominate at high density ratios, 
p 
giving K./K. + K./K. at 
-i J -i J 
the observed importance 
T - ~ R + T 2 - 9. However, this greatly under-estimates 
p 
of molecular properties at RT> 4. 
p 
Lake Kivu provides a striking example of layered thermohaline convec-
tion. There are sufficient data from which to make quantitative comparisons 
of transport coefficient ratios with experimental results. Reasonable 
agreement is found at RT ~ 2.0, with the "mixing" rates for potassium, 
p 
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sodium and magnesium ions in both cases decreasing in order of decrea si ng 
molecular diffusivity. The chemical environment throughout t he water 
column of this lake is therefore significa ntly influenced by unequal trans-
port coefficients for dissolved solids, gases and nutrients. In turn, the 
chemical environment controls the nature of biological activity and, 
possibly, of sediments (Spencer and Brewer, 1971; Degens and Staffers, 1976). 
The influence upon sediments may have particular importance in the ge nesi s 
of ore bodies from hot brines on ocean or lake floors (Turner and Gustafson, 
197 8) . 
There are also implications for mixing in the oceans. The results f or 
Lake Kivu are the first direct evidence of unequal 11 eddy diffusivities 11 
(K. x length scale) for any two properties across a series of 11diffusive 11 
1,. 
* interfaces at near-oceanic conditions. Further, from the solute-solute 
transport ratios it is reasonable to conclude that the ratio of salt and 
heat buoyancy fluxes is much less than unity in Lake Kivu. Therefore heat, 
NaCl and all the constituents of sea water, even those with very similar 
molecular diffusivities, might undergo significant degrees of separation 
from each other in 1 oca 1 i zed regions where 11 diffusive 11 thermoha 1 i ne co nvec-
tion occurs. In particular, the results obtained here show that the 
re 1 a ti ve fluxes of nutrients and tracers (inc 1 ud i ng water mo 1 ecu 1 es). can 
no longer be regarded as being independent of the mec hanisms by wh ich 
mixing occurs. 
* Si milar direct evidence is alrea dy ava ilab le fo r the f luxes of 
sa 1 t and heat across 11 sa 1 t f i ng er 11 i nterfaces i n t he ocean: 
Voor his et al. (1 97 6). (See §3) 
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3. THE SALT FINGER INTERFACE 
3.1 Empirical Behaviour 
In contrast to the 11 diffusive 11 interface, through which fluxes are 
achieved by vertical molecular diffusion, salt finger interfaces contai n 
vertical convective motions. The salt finger convection is driven by 
horizontal diffusion and the property with the smaller molecular diffusiv ity 
is preferentially transported through the interface. For such an interface 
between two well-mixed layers, the ratio of buoyancy (density) fluxes, 
aFT/SFs' and the ratio of contributions to the density ·step, a6T/ S6S, will 
be denoted by r* and R* respectively. As in earlier chapters the equation p 
of state p/ p = l+aT+sS will be used, giving a6T and S6S as dimensionless 
0 
quantities. The lower layer is more dense than the upper layer when 
R; > 1, while r* < 1 if potential energy is to be released to drive convec-
tion. 
The first measurements of heat and salt (NaCl) fluxes through a salt 
finger interface (Turner, 1967) gave r* = 0. 56 + . 02, approximately constant 
over the range 2 < R* < 7. More extensive experi ments by Schmitt (1978a) 
p 
indicate a buoyancy flux ratio that decreases from 0.65 near R* = 2 to 
p 
0.2 + 0.1 near R* = 10. It is possible that me cha nical stirring used to 
p 
sharpen the interface in Turner's ex peri men ts reduced such a variation with 
density ratio. However, the measurements are all cons iste nt with the predic-
tion that r* should be de pendent only upon R* and molecular properties. 
p 
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Turner's value of r* has been confirmed at R* ~ 4 by Linden (1971) p 
(with no stirring), while Linden (1973) has reported r* ~ 0.1 for a heat-
sugar interface . This difference has not been explained since both heat-
salt and heat-sugar fingers are expected to be described by the limit 
T + 0, where Tis the ratio of diffusivities. On the other hand, recent 
experiments for the heat-sugar system at R* < 2 (Turner, private communica-
P 
tion), appear to support the value 
Solute fluxes are found to be consistent with 
( 3. 1) 
a form suggested by Linden (1973). Here, the absence of any strong depend-
ence of Fs upon the solute diffusivity suggests that the limit T + 0 is 
useful. The measured fluxes also imply that that quantity r!J= sFsh/~ 0 B6aj 
is constant for 2 < R* < 14 when the interface thickness, h, is defined by 
p 
6T/h = dT/dz, and dT/dz is the horiontally averaged vertical temperature 
gradient in the finger region. A constant value of r!J also follows from a 
combination of (3 . 1) with the exact equations for infinitely long, steady 
salt fingers (see §3 . 2). It yields an interface thickness of the form 
h a: ( R*) 1 / 3 ( S6S) _ l / 3 . 
p 
When salt and sugar are the diffusing components, T ~ 1/ 3 • The ratio 
of buoyancy fluxes is found to be r* = 0.92 + .02 for 1.2 < R* < 2 (Stern p 
and Turner, 1969; Lambert and Demenkow, 1972). No reliable measurements 
of the individual fluxes as functions of the density ratio, R*, are avail-
P 
able for this system. 
No satisfactory explanation of the observed fluxes or flux ratios has 
appeared. Although Stern (1976) has concluded that the net buoyancy flux 
through steady salt fingers is maximised by a constant flux ratio of 
_ 2 
r* =~when T = 10 and r* = ~when T = 1/ 3 , the result need not apply 
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when the full equations of motion are to be satisfied by t he fl ui d. The 
buoyancy flux may be less than the predi"cted maxi mum value. It has also 
been shown that the most stable of t he growing, large amp litude sal t finger 
modes (with rigid, conducting boundaries, and T << 1) compares fa vo urably 
with the wavelength that maximizes the solute flux (Straus, 1972). Agai n, 
though, the result need not apply to a thin interface, at which boundary 
conditions are set by a coupling between salt finger and turbulent convec-
tions. It is our lack of knowledge about the nature of this coupling that 
has hindered understanding of the salt finger interface. 
At the edge of an interface (see figure 3.3) there is a region 1n 
which predominantly vertical salt finger velocities give way to the greater 
horizontal and vertical velocities of a convecting layer. This region wi ll 
be called the "transition" zone. In this region, the interfacial buoyancy 
flux produces high Rayleigh number convection and causes the salt fingers 
to be of limited vertical dimension. The transition zone also provides 
boundary conditions for the interfacial salt fingers so that a description 
of the mechanism responsible for instability should allow fluxes and flux 
ratios to be determined. 
Only one mechanism has previously been considered, following from the 
observation that a Reynolds number criterion can describe the overturni ng 
of salt fingers in a statically stable density gradient. The passage of 
an internal wave will distort the fingers to a small angle from t he 
vertical and result in a divergence of the vertical buoyancy flux. Stern 
(1969) has shown that small amplitude waves will increase their amplitude 
by extracting energy from steady, unbounded salt fingers whe n the ratio 
of buoyancy flux to horizontally averaged density grad i ent is too l arge . 
The criterion may be written in the form 
A = 
(SFs-aFT) 
v p ( a T -BS ) 
0 Z Z 
> 0 ( l) . ( 3. 2) 
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Alternatively, (3 .2 ) may be written as a Reynolds number wL/v, where w 
and Lare the finger vertical velocity and width res pectively. (The 
equivalence with 3.2 can be shown using the equations of §3.2.) 
Such a transfer of energy from salt fingers to internal waves 1s 
consistent with the observed formation of a number of convecting layers 
from a deep fingering region (Stern and Turner, 1969). When a sufficiently 
large flux of S-component is introduced at the top of a stable gradient of 
T-component, the resulting fingers will breakdown to form one or more 
convecting layers. Similarly, a sufficiently large flux of S-component 
through a well-developed (but non-equilibrium) layer of salt fingers will 
result in the formation of a new convecting layer between two thin inter-
faces (Linden, 1978). If the density gradient is increased in either case, 
the fingers may be stabilized. 
For salt fingers near the centre of equilibrium interfaces, measure-
ments indicate widely varying values of A. The ratio SF h/(vp a~T) has been S 0 
reported to decrease with increasing density ratio for heat-solute systems, 
but is always of order unity (Linden, 1973; Schmitt, 1978a). If we assume 
for ·the moment that T
2 
~ a~T/h>>S
2
, then Linden's constant value of oJ 
implies that A ~ 4(1-r*)/R* and this suggests that salt fingers within an 
p 
interface only approach a state of marginal stability as R* ~ 1. Much 
p 
_3 
smaller values of A(IV2 x 10 ) are found for salt-sugar interfaces. 
(Lambert and Demenkow) . This Reynolds number is therefore subcritical 
within all equilibrium laboratory interfaces and this is in agreement with 
the observation that disturbances within these interfaces do not lead to 
the formation of a new convecting layer. 
On the other hand, it may be possible for the vertical density gradient 
to become smaller near the interface edges, while the buoyancy flux there 
remains equal to that through the interface centre. If this is true, 
supercritical values of A could develop and lead to intermittent breaking 
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away of the interface edge. The salt fingers would extend into the mixed 
layer until the edge of the interface again became unstable and overturned. 
However, it will be seen in sections §3.3 and §3.4 that this view is not 
correct. The extending salt fingers will maintain, throughout the fluid 
that contains fingers, a stable density gradient comparable to that at the 
interface centre. A small density gradient will only be produced at the 
interface edge if the intermittent finger region becomes very thick, leaving 
it doubtful that the Reynolds number criterion of Stern is appropriate to 
the breakdown of salt fingers at the edge of an interface. Further, the 
net buoyancy flux through an interface implies a gravitational instability 
at the edges of the convecting layers: there must be a density inversion 
between the interface edge and the fluid of the convecting layer in order to 
drive the turbulent convection. Therefore, a suitable Rayleigh number 
criterion may determine the interface thickness, hence the interfacial fluxes. 
A model for an equilibrium salt finger interface will be developed 1n 
the following. The high Rayleigh number convection in each layer is 
considered to be driven by buoyant boundary layers, just as in thermal 
convection from a horizontal plate or at the edges of a 11 diffusive 11 inter-
face. These buoyant layers build up at the edges of the high gradient region 
of the interface - the transition zones. Boundary conditions for the inter-
facial salt fingers are then determined by a local Rayleigh number criterion 
at the transition zones. The fingers within the interface are assumed to 
be adequately described by the equations for unbounded, steady and lamina r 
salt fingers, as reviewed in §3 .2. 
3.2 Unbounded Salt Fingers 
For salt fingers of infinite vertical extent in linear density gradi ents 
aTz and ssz, the flow velocity becomes a purely vertical one and there are 
no horizontal pressure gradients. We consider perturbations w', T' and S1 
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from a hori zont al me an (w , T, S) (z , t) . Fo r a stationary gradient, 
w = O, and t he si mp l es t sol uti ons can be fo und i n terms of the normal modes 
[ I I SI] [ " TA s"J At . (TI X) . (TI ) w , aT, S = w, , e s i n -C- si n L . ( 3. 3) 
A square planform is thought to be a reaso nabl e app rox i ma tion t o the 
organized but many-sided fingers observed by Shirtcli f fe and Turne r (1973). 
Note that the perturbations are i ndependent of z, so tha t suc h f ingers can-
not alter the vertical gradients of T and S. 
Heat and salt fluxes through a horizontal plane are given by w1 aT 1 and 
" " 
w' sS'. Hence the flux rat i o becomes r* = T/S and the buoyancy flux of salt 
i S 
" " SF = \ p wS S 0 (3. 4) 
Setting >.=O in (3 . 3), the momentum, heat and salt equations for steady sal t 
fingers become (see Huppert and Manins, 1973) 
2 
" g L " 
W =; ~ 2 S(l-TN) , 
2TI 
( 3. 5) 
[ gSS (hN)J -\ L = 
411 <K (3 . 6) s 
and 
r* = TN . ( 3 . 7) 
" The quantities N = aTz/ BSz, SS
2 
and Smay take arb i trary values. From energy 
considerations r* < 1 and for stability N ~ 1. The flux ratio must then 
lie in t he range T ~ r* < 1 and the ratios of dens ity gradi en ts i n th e range 
_ l 
1 ~ N < T Thus t he fl ux ratio depends upon the ratio of property gradients 
withi n the fi ngers. 
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Stern (1975) has also co ns idered the mode of maximum growth rate for 
unbounded fingers. For this case, the horizontal wavelength, 2Lm ' is given 
by his exp ression 
l, (N-l)r]-• (3.8) 
(1- TN)/3 J-~. For rapidly growing fingers, then, L + 00 for both N+l and m 
1 
This implies that r* = 1 at both limits (contrary to the conclusions 
of Stern, 1975). Schmitt (1978b) has completed the analysis to show that 
_2 
r* has a broad minimum of 0.57 for T= lO and of 0.90 for T= 1/ 3. 
In figure 3 . 1 is shown the behaviour of the dimensionless wavenumber, 
4 4 
k = 4n VKS/(gl ssz), as a function of the ratio of vertical gradients, N. 
Salt fingers are only possible on and below the straight line which repre-
1 
sents the stationary mode of (3.6). No fingers are possible for N > T 
' 
and the system will overturn if N<l. The wavenumbers with maximum growth 
rate are illustrated by the curve, while the two asymptotic results 
discussed above are shown as broken lines. The ratio of property gradients 
within the fingers, though, must not be identified with the overall density 
ratio, R* p ' across a thin interface. In this case, the salt fingers are of 
only finite length and are therefore able to al ter the vertical gradients of 
T and S withi n the finger region. 
Equilibrium interfaces of finite thickness must contain steady salt 
fingers if the mixed-layer properties are co nstant and if t he layer convec-
tion does not disturb the finger region. Schmitt (1978b) has therefore 
considered the initial formation of fingers at the wavelength of maximum 
growth rate in a ratio of gradients, N . He has t hen determined the condit-
o 
ions (N and r* ) for which fingers of the same horizonta l wavelength are 
steady . The tra nsition between these co nd itio ns requires that N must 
k 
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Figure 3.1 
y-1 
2 
N 
A dimensionless horizontal wavenumber, k 
y-1 
as a function of the ratio of gradients, N = af /sS , for 
z z 
unbounded salt fingers. Fingers are steady (A=O) on the 
straight line and the rate of growth of salt fingers has 
its maximum on the curved line . The dotted line joins 
initial and final states in the calculations of Schmitt 
(1978b). 
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increase from its initial value. Although this change in the vertical 
gradients is made possible by the processes occurring at the transition 
"' 
zone, the assumptions that Lis constant, that S = 66S/2 (its maximum 
possible value) and that Tz 1s constant make the result independent of 
boundary conditions and of the interface thickness. Setting R* = N , 
p 0 
the resulting flux ratios as functions of N 
0 
are similar to those given 
by the unsteady salt finger modes and are consistent with the experimental 
ratios of Turner and of Lambert and Demenkow (see figure 3.5). 
On the other hand, measurements of the salt finger width as 6T and 6S 
decrease slowly with time reveal a constantly changing L (Linden, 1973; 
Shirtcliffe and Turner, 1973; Lambert and Demenkow, 1972). Thus, at least 
in a 'run-down' experiment, the salt fingers are not 11 locked into 11 an 
initial wavelength. Indeed, the approach suggests that the characteristics 
of an interface are dependent upon the history of the system. However, 
two-layer 'run-down' experiments with a range of initial conditions yield 
identical equilibrium interfaces at any given R* and S6S . Time dependent p 
effects do not seem to be important, and more information is needed about 
the · mechanisms governing the behaviour of equilibrium interfaces. 
A different approach 1s taken here to reach a better understanding of 
the nature of a thin salt finger interface. Only equilibrium interfaces 
are discussed. A central part of an interface, the 11 core 11 , is assumed to 
be steady and a stationary wavenumber is co nsidered to give the appropriate 
horizontal dimension of fingers in the interface. It is assumed that, at 
least for h>>L, relations (3.3-3.7) adequately describe the salt fingers 
near the centre of the interface, while the coupling between salt fingers 
and high Rayleigh number convection at the transition zone determine N, 
Sz and S. Unfortunately, the highly non -li near and unsteady processes 
occurring near the ends of the fingers cannot be approximated by linearized 
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equations of motion. Description of the transition zone requires a 
mechanistic, rather than a deterministic, approach. 
3.3 An Interface Model 
It is proposed here that the transition zone is analogous to the inter-
mittent boundary layer at the edge of a "diffusive" interface (Linden and 
Shirtcliffe, 1978). In the latter, as in Howard's (1964) and Foster's 
(1971) descriptions of thermal convection from a horizontal surface, the 
boundary layer grows by one-dimensional diffusion until a critical Rayleigh 
number (based on the boundary layer thickness) is exceeded. A buoyant 
plume then carries the boundary layer away, and the process is repeated. 
At the edge of a salt finger interface, the buoyant layer (taking a hori-
zontal average over many fingers) is produced as the fingers extend into 
the mixed layer due to their vertical flow velocity. Lateral diffusion is 
important as the fingers increase in length. The resulting net buoyancy 
flux is assumed to cause the fluid in the transition zone to break away 
collectively from the interface when the buoyant layer thickness, d, 
becomes sufficiently large: 'collective' motion here refers to that on a 
length scale large compared to an individual salt finger width. For such 
a collective instability to occur we require d>>L when the buoyant layer 
is breaking away. 
The idealized profiles through the interface and transition zone are 
sketched in figure 3.2. The intermittent growth and breaking away of salt 
finger extremities enables fluid from the well-mixed layers to enter the 
salt fingers and fluid from the fingers to enter the convecting layers. A 
greater lateral diffusion of the T-component reduces its vertical advectio n 
from the transition zone into the central salt finger region. As i n the 
"diffusive" case, the intermittent region will have a double (T and S) 
structure. A characteristic time scale for the intermittency is denoted by t *. 
t=O 
\_ h z =----
2 
-h z = ----
2 \ 
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Idealized vertical sections and corresponding horizontally 
averaged density profiles through the model salt finger 
interface immediately after a convective event (t=O) and 
at a later time (O<t<t*). The intermittent region is 
h/2 < lzl < h/2 + d* and the core is the steady region 
iz l < h/2. Arrows on the vertical sectio ns indicate 
fluid motions ; those on the density profiles show the 
properties and direction of variation of properties in 
individual fingers. 
* 
~1 
For comparison with this idealized model interface, a shadowgra ph of a 
salt-sugar interface is shown in figure 3.3(a). 
The assumption that the central salt finger region (the 11 core 11 ) 
remains steady despite the time-dependence in the transition zone requires 
that h>>L and h>>d be satisfied. A further assumption is that the hori-
zontally averaged vertical density profile is continuous at the interface 
edge immediately after a convective event (at time t=O). Thus inertial 
forces in the layer convection are neglected, and this convection involves 
all and only the collectively buoyant fluid. The density profiles shown 
in figure 3.2 follow directly from this assumption. At t=O, individual 
components contribute sharp steps, oS/2 and oT/2, at the interface edge 
( lzl=h/2). We can write 
lso SI = laoTI. (3.9) 
If oS = oT = 0, salt fingers could transport no Sor T property across the 
interface edge at subsequent times (t>O). 
Horizontally averaged gradients within the core become 
6S-oS s =--h ' 
6T-oT 
h ' (3.10) 
* with N = la6T-aoTI/I S6S- so SI. Note that N ~ R . Equations (3.9) and (3.10) 
p 
imply 
oS 
6S 
from which 05 /6 S = 
section 3. 4, N and 
At this stage we 
steady fingers to 
* 
= 
N-Rp 
N-1 (3.11) 
oS * 1 at R* = 1 and /6S + 0 as R + N. As described in p p 
the flux ratio, r*, are determined by the transition zone. 
* 1 only know that R p < T and r* < 1 are necessary for 
* 
1 
exist within the interface and that, when R + T p 
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-1 
equations (3 .10), (3 . 11) and (3.7) require N+T and r*+l. 
3.4 The Intermittent Transition Zone 
Before attempting to quantify the transition zone, a useful qualitati ve 
understanding of the flux ratio through an interface can be obtained from 
figure 3.2. Immediately after the release of a buoyant element (at t=O), 
the sinusoidal profiles (3.3) (with A = 0) exist throughout the core. As 
the downward moving fingers 11 push 11 negatively buoyant fluid out into the 
bottom mixed layer, much of the T-component can diffuse into the adjacen t 
upward moving fingers. More of the S-component remains to be convected 
further into the mixed layer. If KT>> Ks' it is likely that the ends of 
the outward moving fingers will almost equilibrate with the mixed-layer 
environment in T but not at all in S. At z = -h/2, T and S must remain 
unchanged. At this stage, note that the ratio of buoyancy fluxes through 
the interface will be given by the ratio of T and S density anomalies in 
the buoyant layer when it is swept away from the interface. Linear 
interpolations t of .T and S through the transition zone, as shown in figure 
3.2,· now yield the flux ratio r* ~ ~. 
This result does not preclude the possibility that the flux ratio 
* A depends upon R and s~s through w,L and sos, quantities which influence p 
diffusion and stability in the transition zone. Molecular diffusivities are 
also important,as T and S profiles will be similar vJhen KT"'Ks' giving r*,...11. 
More quantitative information may be obtained by considering diffusion from 
the extremity of a single salt finger as it moves into the homogeneous layer. 
t Even with a small Peclet number, wl/ K < 1, it seems that t he T-com-
ponent will still be convected out fr6m z = -h/ 2 because each subse-
quent section of a downward mo vi ng fi nge r that reaches z = - h/2 will 
be bounded by a greater T in the adjacent upward mo ving fi ngers 
than was the previous section. Hence less lateral los s of Tis 
possible from that section. 
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Individual salt fingers 
Setting S=T=O in the lower mixed layer, a finger that begins to move 
into the uniform fluid at time t=O will initially have the horizontal 
T-profile 
aT = "~T + T sin(Lx)sin(Y). (3.12) 
The combined effect of the horizontal profiles in both T and w can be 
described in a manner that will allow a simplification of the mathematical 
problem. Since the vertical transport of T (and S) is the quantity of 
interest, model profiles T and w for the downgoing finger are defined 
m m 
such that 
An entirely sinusoidal T profile is the simplest approximation. It gives 
a T = ~ [ a cS T + ~ T J . ( TIX ) • ( nY ) 
m 4 2 16 sin L sin~. (3.13) 
Alternatively, the real profile (3 .12 ), with the sinusoidal part weighted 
by its real velocity profile w' (x, y), can be used. However, (3.13) seems 
to be the most reasonable profile to use due to the zero vertical velocity 
condition at x=O, L. The model now has a square velocity profile of 
A 
magnitude lw I = aw, where a N4;n2 . 
m 
At times t>O the fluid bounding the finger extremity is continuously 
"refreshed" as the finger extends. Hence diffusion has a constant (zero) 
boundary condition . Neglecting all vertical diffusion, the horizontal T 
profile near the end of the salt finger becomes 
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2 t 2 
where KT/ e = 2~ KT /L . With T=O in the upward moving fluid the 
horizontal average is 
(3.14) 
- - h ) A similar expression may be found for ~Se= RS(z = ~ ~ d . It will be con-
venient to define y $ 1 such that 
A 
S = yBoS/ 2 (3.15) 
At z = -h/2, the horizontal averages are T = oT/2 and S = 6S/ 2, 
independent of time. Linear variations off and S for~ ;l z l< ~ + d 
are again assumed, although the real vertical profiles are determined by 
the development of diffusive boundary layers around each penetrati ng salt 
finger and the interaction of these to form the approxi mately sinusoidal 
horizontal profiles of the core. 
Flux ratio 
Vertical redistribution of T and S continues until the buoyant layer 
produced is swept away at t = t*. The vertical le ngth scale becomes 
A 
d* = awt* and the ratio of fluxes is given by 
. ~d* [ a T (- ~) + a Te] 
r* ~ --------
\d* ~s( -~) + sseJ 
With (3.14) , (3.15) and (3.9) this gives 
(3.16) 
r* /"V 
------------------------
1 + ~e x p ( -Ks / 8 *) [ 1 + l 6 y ( 1 - exp [ - ( KT-Ks ) / 8 *] ) J 
L2 
where e*= /(2n2 t*) . The dimensionless quantity KT/ 8* is the ratio of the 
time scale for two-dimensional horizontal diffusion of T across a salt 
fin ger to the characteristic time , t*, during which the buoyant layer grows. 
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In the limit Ks/ e* << 1 there can be no diffusion of salt in the 
transition zone. Then y=l 1n (3.15). If, at the same time, KT/e * >> 1 then 
(3.16) gives r* + 0.55 . This is the lowest possible flux ratio predicted 
by (3.16)-~ although the linear vertical profiles may over-estimate the value. 
The ratio also approaches unity as Ks+KT. However, 1n order to predict the 
value of r* for general values of Ks/ e*,even when T << 1, e* must be eval-
" 
uated. This requires estimates of L, d* and w. These would be available 
if the system of model equations, (3.4-3.7), (3.10-3.11) and (3.15-3.16), 
could be closed by imposing one further condition. 
Conservation of mass and overall stability of interface 
If the interface is to be steady on time scales much greater than t*' 
Sand T fluxes through the salt finger core must balance the individual 
fluxes through the transition zone. Then 
0 
f3 F dt 
s 
h 
- - -d 2 * 
= f 
h 
2 
' 
where SF 1s given by (3.4). Use of (3.9), (3.14) and (3.15) gives 
s 
e 
- K /8 
s * ~ l ( y - 2a ) . 
a 1 + y TI2 
16 
(3.17a) 
The parameters a and y can be estimated only roughly from the highly 
idealized model described above. Since y-2a-l, the expone ntial and y-2a 
terms will yield large changes of e* for small variations of y or a . 
t An expression similar to (3.16) is found if the real hor izo ntal 
profile of T (at t=O) is used, instead of (3.13), to estimate 
horizontal diffusion. The lowest limit is then r* ~ 0. 59, 
su ppo rting the above value. 
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Further large errors in e* may result from the assumption of linear 
vertical profiles through the buoyant layer. 
Despite the numerical uncertainty in closing the interface model with 
(3.17a) conservation of Sand T does still determine a unique interface 
thickness for given mixed-layer conditions. Qualitatively, (3.17a) states 
that, while the fluxes of S through both the salt finger core and the 
" 
transition zone are proportional tow and SoS, that through the transition 
zone has a further dependence upon the amount of horizontal diffusion within 
A 
the buoyant layer. This diffusion is primarily a function of w, d* and L. 
A 
There are then unique values of L, wand h, obtained from (3.4-3.7), 
(3.10-3.11), and (3.15-3.l?a), for which the fluxes are balanced. 
Further information about the behaviour of the interface is available. 
From (3 . 4-3 . 7), (3.10-3 . 11) and (3.15), the flux of S through the core may 
be written as 
* 2 Po (KT9) \i 1 (r* -rR) k 3/ SF = - -- y 2 (1-r*)~ - P h 2 (Sf1S) 2. 
S 16 ~ r* - T (3.17b) 
This implies that the salt flux increases if the interface thickness increases 
* at a fixed value of Rp. The increased flux would be due to a greater finger 
width and a greater finger velocity (see 3.5 and 3.6). From (3.17a), though, 
these factors reduce the importance of diffusion as the buoyant layer bui l ds 
up. Hence the flux into the convecting layer increases, with h, more 
rapidly than that through the core. If h increases beyond its equilibri um 
value, the salt fingers are unable to transport as much Sor T through th e 
gradient region as is swept away by the high Rayleigh number convection: 
the interface thickness is decreased. Similarly, if his smaller t han its 
equilibrium value, the fluxes through the core (although reduced) are greate r 
than those through the transition zone: density accumulates at the i nterface 
edge and h increases. Hence the interface is stable to variatio ns ofthi ckness . 
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The numerical uncertainty in (3.17a) makes it necessary to evaluate 
Landt* independently in order to evaluate e*. The finger width can only 
be found by specifying fully the conditions in the core, while t* may be 
estimated from an understanding of the convective instability at the 
transition zone. 
3.5 The Instability that Limits the Interface Thickness 
Although a fluid layer (with a depth scale H) is always unstable 1n 
high Rayleigh number convection, the ideas of Howard (1964) and Elder (1968) 
suggest that a thin boundary layer ejects buoyant elements into the convect-
ing fluid when a local Rayleigh number (based upon the boundary layer length 
scale) exceeds a critical value. This view of the convection bounding a 
salt finger interface provides an alternative to the salt finger Reynolds 
number criterion (3.2) as an explanation of the transition from salt finger 
to turbulent convection. 
On the other hand, (3.2) places an upper bound on the possible length 
of steady salt fingers in an equilibrium interface. Therefore, it will be 
convenient to express conditions within the core in terms of the dimension-
less parameter, A. Relations (3.4-3.7) with (3.2) and (3.15) give the 
finger width 
* A (r - T) 
* (1 - r ) 3 (3.18) g2 2 2 y (sos) 
For the transition region, a total Rayleigh number may be defined 
(Turner, 1973, p. 225)., based upon the mean temperature and salinity diffe r -
ences between the buoyant boundary layer and the mixed layer. It becomes 
R = _gi3 [-S (~ + S ) - ~ (-o_l + f ) J . 
v 2K 2 e 2K 2 e 
s T 
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l~ithout restric t i ng t he magnitude of T , R i s gi ven wi thin a f actor of t wo 
by R ~ gd3 so S/4vK s· The boundary layer will break away wh en a criti cal 
value Re, is exceeded . The length scale for the tra nsition regio n i s then 
(3. 19) 
The characteristic time scale for the intermittent region 1s 
"' t ,.... 
* 
7T2 
4 
From e* = L2aw/2n2d* , equations (3.5), (3.18) and (3. 19) 
give the ratio of time scales to be 
* KS 1 ( 2 )2 1. 2 ( Rc) /3 Ks /3 (1 - r) (3.20) - ~ 
e* Y AvK * 2/ ' T (r - --c) 3 
* 
where y, A, RC and r are unknown quantities. If appropriate values of y , 
RC * A and are found, relations (3.20) and (3.16) may be solved for r and e* . 
An estimate of the appropriate value for Re will be obtained from 
linearized stability theory, but in order to do this the vertical salt finger 
velocity must be taken into account . Foster (1971) has already considered 
a growing diffusive boundary layer at a horizontal surface. He fou nd t hat 
the critical Rayleigh number for break down of the buoyant layer (with an 
error function density profile) is of order 10 3. In the present cas e , 
though, the length scale is increasing much more rapidly ~han it would by 
diffusio n)when convective motions are begi nn i ng . La bo ratory me asurements 
A A 
indicate that w - 10- 2 cm s- 1 , whence w >> K / d if d >> 10- 3 cm. At the 
s 
same ti me, it will be assumed that the growing distu rb ances are not i nfluenced 
by density variations of salt finger scale, an assumpt ion t hat ca n only be 
valid when d >> L. 
Of pri mary interest 1s t he ti me, t *' at whi ch an el emen t of buoyant 
fluid is r emoi ed from t he tran siti on regio n, and afte r wh ic h th ere can be 
no furt her t rans port (via fi ng ers ) between the element and the inter face core. 
This sug gests t hat Rc mi gh t be fo und by requi ri ng th at small di sturbances 
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grow at a rate comparable to the rate of increase of the buoyant layer 
thickness. In this case, Rc > 10 3 is expected and is estimated as follows. 
From a stability analysis of a li nea r vertical salinity gradient to 
small salinity and velocity perturbations, a dispersion relation between 
the di men sionless growth rate, a, the wavenumber, Z, and the Rayleigh number, 
R, can be obtained. For perturbations of the form ea(tKs/ d2 ) sin (mnx/d) 
sin (nnz/d), the relation becomes 
R =· _z_ 1 + Pr + 1 . a + L 9_ 6 [ 2 J 1r2m2 ( Pr ) zi Pr (zz ) ' (3.21) 
where Z2 = n2 (m2 + n2 ) and Pr= v/K is the Prandtl number. For the most 
s 
unstable mode, z6 /n 2m2 = 27n4/4 and Z2 = 3n2/2. A velocity for the growing 
disturbance is defined by q = (Ks/d) o. When 
q ~ware then given by the criterion °;z2 ~ 
d = d 
2 
( 3n 2 
* 
the co nditions at whi ch 
equations (3.5), (3.18) and (3.19) the growt h rate required for the breaking 
away of a buoyant element becomes 
(3.22) 
Equations (3.21) and (3.22) may be ~olved to find Rc if y , r* and A are 
known. As a first approximation, both A and y can be set at their greatest 
possible values : A-1 and y=l . For a heat-salt interface the mole cular 
properties (T~l0- 2 , v/K ~650) and the empirical flux ratio, 
s 
r*-o . 6,yield Rc ~ 3 x 10 5 • The corresponding result for a heat-s ugar 
3 C i nterface (T~.0035, v/K ~ 2 x 10 ) is R ~ 10 6 • Similarly, the me asured 
s 
flux ratio , r*-o.9,for a salt-sugar interface (T=0 .35, v/ K = 2 x 10 3 ) implies 
s 
Rc ~ 5 x 104 • The empirical values of r* used here are also those value~ 
that will later be predicted since an i'terative procedure using (3 . 16), 
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(3.20), (3.21) and (3.22) can predict both r* and Rc for a given value of 
A. Further, Re varies slowly with A and r* is i nsensitive to Re . Therefore 
only very small variqtions of r* will be seen to result from the difference 
between A=l and its empirical values. 
Although the predicted Rayleigh numbers are only order-of-magnitude 
estimates, they do indicate a significant influence of the vertical salt 
finger velocitiest. They also allow an estimation of d* (from 3.19) that 
is only weakly dependent upon the values of A and y. Only the latter two 
parameters now remain to be evaluated in order that the model interface be 
fully determined. It will be shown below that y=l 1s a valid approximation 
for heat-solute finger interfaces, leaving r*, F , hand Las functions of 
s 
A alone. We will then resort to a consistency argument when comparing 
predicted values for r*, at empirical values for A, to measured values. 
3.6 Predictions of the Model and Comparison with Experiments 
The transition region 
Measurements on the nature of the transition region between interfacial 
salt fingers and convecting layers are difficult to interpret. However, a 
number of pred ictions from the interface model described above may be 
compared to laboratory observations. First, the maximum boundary layer 
* thickness, d*, is given by (3.19). At Rp- 1, (3 . 11) implies that oS+6S, and 
a value characteristic of laboratory experiments, p S6S - 10-3 g cm- 3, gives 
0 
d*-o . 6 cm for a heat-salt interface. Similarly, p S6S-10 - 2 g cm- 3 gives 
0 
d*-0.1 cm for a salt-sugar interface, and this thickness should increase as 
t Such high values of Rc may be compared to empirical values for a 
different system: Turner (1968) found that a diffusive thermal 
boundary layer, ahead of the advancing edge of a convecting 
layer in a stable salinity gradient, becomes unstable at Rc-2 .4 x 104 • 
Although the salinity gradient may be important, disturbances in the 
boundary layer must also grow to large amplitude before the advancing 
front causes the disturbed fluid to be entrained into the co nvecting 
layer. This requires RC> 10 3 . 
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* oS/~S decreases with increasing Rp. Both of these estimates appear to be 
reasonable when compared with shadowgraph observations, althoug h the transi-
tion zone is poorly defined for real i'nterfaces. Linden (1973) found that 
temperature profiles through a heat-sugar interface are nonlinear over a 
2-3cm zone, but this is probably an over-estimate of d*. A shadowgraph 
* of a salt-sugar interface at Rp-1.7 is reproduced in figure 3.3(a). 
Secondly, equations (3.18), (3.7), (3.11) and (3.19) give the ratio of 
buoyant layer depth to salt finger width to be 
For a heat-salt interface, the values y=l and A~l imply a ratio d*/L~3, only 
marginally satisfying the condition d* >> L that is necessary for the 
11 collective 11 instability to occur. The same is true for a salt-sugar inter-
face if the values A-2 x 10- 3 and r*-0.9 are used. Indeed, the collective 
instability proposed appears to describe only partially the fluid motions 
* at smaller values of the density ratio, Rp, and larger values of the density 
step~ s~s. Here, individual fingers are sometimes observed to fall almost 
* independently into the convecting layers. At larger Rp and smaller S65, 
individual fingers are less buoyant and d*/L is larger (A is observed to 
* decrease with increasing Rp). Salt fingers are then observed to break away 
from the interface in bundles, or plumes. 
The characteristic time scale, t*, for the i ntermittent boundary layer 
may be calculated from the predicted d* and measured finger velocity. This 
approach gives 6<t*<60 s for Linden 1 s heat-sugar experiments (~here there is 
a large range in velocity) · and t* ~ 80 s for Lambert and Demenkow 1 s 
salt-sugar interfaces. The latter value has been compared directly with 
a characteristic time scale measured in the laboratory under similar condi-
tions: figure 3. 3(b) shows a photograph of diffuse light reflected at 40° 
Figure 3.3 
( a ) 
(b) 
Salt-sugar finger interfaces in the laboratory. The 
shadowgraph (a) shows a horizontal view when RP~l. 7. 
Relatively sharp steps in refractive index at each edge 
are indicated by bright and dark horizontal bands. The 
interface surface is observed in (b) by reflecting 
diffuse light at 40° to the horizontal. Two-di men sional 
plumes are visible. 
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* to the horizontal from an interface surface (Rp=l.2, S6S=l00%o) and 
indicates the irregular but cellular nature of the convection. Buoyant 
fluid leaves the interface in two-dimensional plumes (ridge-like structures 
visible in the photograph) which move across the surface. The characteristic 
period between two consecutive plumes at a given location on the interface 
was 90s, and measurements had a standard deviation of 30s. 
A quantity that is important in determining the ratio of buoyancy 
fluxes through the intermittent zone, and which gives the salinity amplitude 
of interfacial salt fingers, is the ratio y=2S/SoS . Since y describes the 
amount of S that is gained by fluid from the lower mixed layer as it moves 
through the transition zone, equal diffusion and advection times (K /e*=l) 
s 
would imply that yNl-1/eN0.6. The limit Ks/8*<<1 would give y=l. Now from 
(3.20), and assuming a flux ratio r*)0.55, we find Ks/ e*~0.03 A- 2/3 y1/3 
for heat-salt interfaces. K Therefore s/e*<<l when A>>0.006. Similarly 
Ks/8*<<1 for salt-sugar interfaces if A>>2 x 10- 3 and r*>0.9. These calcula-
tions and the experimental values of A (found from 3.22 below) indicate 
that the approximation of y=l is valid for heat-solute interfaces, while 
yN0 . 6 is more appropriate for salt-sugar systems. Such values of y explain 
the large refractive index gradients of salt finger scale that are observed 
within the turbulent plumes under most laboratory conditions. 
The flux rat io 
It has been shown above that the ratio of buoyancy fluxes has a m1n1 mum 
possible value of 0.55. To investigate the influence of the diffusivity 
ratio, T, equations (3 .16) and (_3.20) have been solved iteratively for r* 
as a functidn of the Reynolds number A. The predicted flux ratios for heat-
sugar (T=. 0035), heat- salt (T=l0- 2 ) and salt-sugar (T=.35) are shown in 
figure 3.4 at those values of A which allow the solu t ion to co nverge . It 
is also necessary that r*~l when A~o and A--r<XJ . However, t he fin gers are 
predicted to be unstable to internal waves when A>O (l ) . 
I· 0 -~-~--.----.---..--.---.---.-----..----,---r---r--.--rr-, 
0·9 
0 ·8 
0 ·7 
0 ·6 
r* o·5 
0 ·4 
0 ·3 
0 ·2 
O· I 
Figure 3. 4 
t ), 
A 
The pred i cted ratio of buoyancy fluxes, r* , through a 
thin equilibrium salt finger interface as a function of 
the finger Reynolds number , A, for: (i) Heat - Su gar 
(1- = . 0035) ; (ii) Heat -Salt (1 = 10- 2 ); (iii) Salt -Sugar 
(1 = 0. 35) . Arrows show empirical values of A. 
l 
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Before comparing model predictions with mea sured flux ratios it is 
well to convert the reported values of SF h/vp a~T to values of A. By 
- S 0 
using the interface structure described by (3.10) and (3.11), t he definition 
(3 . 2) may be rewritten in terms of the mixed layer properties: 
A = 
BFs(l - r*)h 
v(Rt - l) p S~S 
0 
(3.22) 
Experimental results (Linden , 1973; Schmitt , 1978a) now imply that 0.08 < A 
< 0.9 for heat - solute interfaces. Relation (3.22) also becomes A =dJ(l-r*)/ 
(R*~l), where~ has been shown to be constant for Rt >2. 
The predicted ratio of the heat to solute buoyancy fluxes lies within, 
for example, the range 0.56<r*<0.63 for a wide range of A (.02<A<2). This 
result can explain the approximately constant ratio measured by Turner, 
(1967)and is consistent with the measured value. [The experimental results 
from Turner and from Schmitt (1978a) are shown in figure 3.5, along with 
the flux ratio predicted by Schmitt (1978b)t.] The calculation shown for 
the heat-sugar system indicatesthat the flux ratio is almost independen t of 
K when T<<l . Bringing T close to unity, though, increases the flu x ratio . 
s 
Thus at the experimental value of A(-2 x 10- 3 ) for a salt-sugar interface 
the model predicts a flux ratio of r*~0.9. This value too is consisten t 
with empirical values, although variations of A in this case could signifi-
cantly alter r*. The value of A 1s actually determined by including in the 
model the condition that Sand T be conserved at an interface, but all 
* that can be said here is that A= f(R ), a functional form that follows from 
t 
p 
Figure 3.1 indicates the reaso n for agreement between Schmitt's 
predict ion and the present mode l. His system begins with 
N = Rp-l and a mode of max i mum growth rate. The finger width , 
L, and Tz are fixed while N is allowed to vary until A=O is 
reached. From the definitio ns of k and N we see that 
k/N = (4n4vK s) /(g L4aTz) , a constant. Thus a heat -s olute 
system follows a path (such as that shown dotted) to equilibrium 
which leads to N~hT- 1 . The n r*,,/2• For larg er values of T, t he 
slope of the dotted line is smalle r. , 
r* 
I ·O ---~-----.-----.----,-----.-----.----.------.-----, 
0 ·9 
\ 
0 ·8 \ \i 
0·7 
0 ·6 • 
----
0·5 
OA 
0 ·3 
0·2 
O· I 
• 
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• 
• 
---·-------- -
- - --.-- -- ---- -- _!_ 
• • 
• 
0 L.__ _ _1.._ _ _L __ ___J~---'-------'-----'----'------'----____. 
I 2 3 4 5 
R* p 
6 7 8 9 10 
Figure 3. 5 Experimental buoyancy flux ratios for a heat-salt finger 
interface: I - Turner ( 196 7); 0 - Schmitt ( 1978a). The 
broken curve shows the prediction of Schmitt (1978b) 
assuming steady salt fingers, and the straight line is 
the lowest limit given by the present model (r* = 0. 55). 
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* (3.16, 3.20) and the resu ·lt that r* = f(R ) at fixed molecular properties. p 
Further information is available for the two * * limits R +1 and R +t-1. p p 
While the detailed argu-* It has already been shown that r*+l when R +t - 1. 
() 
ments will not be given here, it may also be shown that the present inter-
* * face model implies that A+O when R +t- 1 and that A increases as R +1. Thus 
D p 
the increased flux ratio in the former limit is due to increasing values of 
Ks/ e* which allow greater diffusion of both Sand T between adjacent fingers 
in the transition zone. Very stable salt fingers (A<<l} are also predicted 
for the end of a two-layer 1 run-down 1 experiment. At the opposite limit, 
* R +1, neither S nor T have time to diffuse between adjacent fingers in the 
p 
transition zone and r*+l is again predicted. 
This last conclusion though, must be qualified by limits to the validity 
of the model, and here a laboratory observation is relevant: while heat-
solute interfaces have a thickness greater than 5cm at all density ratios 
achieved in the laboratory, the thickness of salt-sugar interfaces 1s seen to 
* be less than 0.1cm when R <1 .1. In such thin interfaces, the 11 core 11 of 
p 
steady salt fingers .could be replaced by fingers which are strongly influenced 
by viscous coupling with the horizontal motions of the layer convection . 
Fluid motions would then take the form of intermittent growth and sweeping-
away of salt fingers at a sharp den~ity step, suggesting that the 'mode of 
maximum growth rate' will be responsible for vertical transports. Schmitt 
(1978b) has shown that these fingers too will yield a flux ratio that 
* approaches unity as R +l . Increasing flux ratios have not been detected p 
experimentally in either limit, probably because sufficiently small or 
large density ratios have not been reached. 
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The salt finger core 
Predicted characteristics of the steady salt fiAger core can also 
be compared with laboratory obs ervations . These characteristics can be 
written in terms of r* and A. First, the ratio of horizontally averaged 
density gradients due to T and Sis simply N=r*/T . With r*-0.6 and T=lo- 2 , 
the salt fingers of finite length are predicted to produce N~60 ~a value 
* much greater than the ratio Rp and reflecting the efficient vertical 
transport of solute. Vertical temperature and solute profiles through a 
heat-sugar interface (Linden, 1973) confirm such a large ratio of gradients. 
From (3.4-3.7), (3.9-3.11), (3.15) and (3.18), with yNl, the flux of 
S component, the interface thickness, and the finger width become 
' 
1; 
A 3 
and 
L = /IG ir (K;:3f 6 //5G*_-r:) l/2 (r* - ,R;)-1/3 (st1S)_1/3 
* * * * 
where A=f(Rp) and r* - TRp = T(N-Rp). Then h+O when Rp+l, and L-+<xi if 
1-r*+O in that li mit. At the opposite extreme in density ratio we find that 
* BF +0, h-+<xi and L--+= when Rp+N+T- 1 • This is consistent with observations of s 
salt-sugar * interfaces near the run-down state, Rp-2.8, where fingers extend 
throughout the depth of a tank and become wider. The power laws relating 
BFs and h to S6S are verified by previous experiments. 
1, h'4 
Ex pe ri menters report that the ratio [ is nearly constant throughou t 
a two-layer run-down exper i me nt and changes only slowly when the initial 
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value of 66S 1s varied. from the present model, 
(3.23) 
* where (.Rp - 1) 66S = 6p, a quantity that must increase slowly as a system 
runs down to high density ratios. There are no unknown parameters 1n 
(3.23) if we assume a value for the flux ratio. The model predicts 
1 / - 3 / h 4/L~4.0cm 4 for laboratory heat-solute systems, a value to be compared 
- 3 / 
with a measured ratio of 3.6 + 0.4cm 4 (from Linden, 1973). Similarly 
1 / - 3 / h 4/L~l5cm 4 is predicted for salt-sugar interfaces and the empirical 
-3/ t 
ratio is 19 ±_ 2cm 4 (from Shirtcliffe and Turner, 1973) . The relation 
between salt finger length and width is perhaps the most significant result 
to be obtained from th~ interface model, since the interface thickness 1s 
the most sensitive measure of our understanding of the transition from salt-
fingers to turbulent convection. 
3.7 Fluxes of Multiple Components 
. With the above description of the two-component salt finger interface, 
the presence of more than two component gradients across the interface 
presents no further problems. Although the addition of a third component 
may cause a salt finger interface to give way to a 11 diffusive 11 interface 
(so that potential energy is still released), only systems which lie well 
beyond the marginal conditions for a salt-finger interface will be consid-
ered. [The marginal conditions for the formation of salt fingers at a sharp 
interface are discussed in appendix B~ A third component may then be 
included in the two-component interface model in a manner similar to that 
shown (in §2) for the 11 diffusive 11 interface. 
t Lambert and Demenkow (1972) calculated values for A( =2L) and obtained 
h1 / t~ /L-30cnr 3/+, a result that does not agree with experi ment or 
model . 
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Coupling between the interfacial density gradient and the layer 
convection is described by the more general form of (3 .9 ): 
EB .cSC . = 0 
• 'l, 'l, 
'l, 
where C. 1s the concentration of the i'th component. From the arguments 
'l, 
of §3 .4, the ratio of buoyancy fluxes of any two components is given by 
S ,F · 
'l, 'l, 
B .F. 
J J 
~ 
S . o C. 
'l, 'l, 
B .cS C . J J 
(3.24) 
Individual component steps, cS C., are determined by the concentration step 
'l, 
tC . across the interface and by horizontal diffusion of that component. 
'l, 
The equations for unbounded fingers could also be modified to include further 
components and enable the ratio s .cS C./ s .oC. to be found. Then the ratios 
'l, 'l, J J 
of transport coefficients, Ki/K. = (F ./F .)(tC ./ tC .), could be obtained. 
J 'l, J J 'l, 
However, only systems in which two properties alone influence the dynamics 
of the salt finger and layer convection will be discussed here. Of parti-
cular interest are the fluxes of several solutes across thermosolutal inter-
faces. 
When a third component 1s added in only passive (or trace) concentrat-
ions, the flux ratio r* for the two maj or components 1s unchanged. Similarly, 
e* in (3 . 24) is given by the two-component system. For heat-solute inter-
faces it has been shown that 
Kj/ e*<<l for any two solutes. The lack of horizontal diffusion of solute 1n 
the transition zone also implies that oC./ cS C.~t C./t:,C .. Then (_3.24) gives 
'l, J 'l, J 
F ./F .~t C./tC., or K./K.~l , and solutes can undergo no significant changes 
1, J 'l, J 1., J 
1n their relative concentrations. 
Two experiments were performed 1n order to measure the relative fluxes 
of solutes through a hea t-so lute finger interface . These experiments 
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followed those with the 11 diffusive 11 interface Csee §2 .3 ). and used the 
three salts KCl, NaCl and MgC1 2 • · A layer of hot, salty water (with a 
salinity of rs .C.=5%o) was placed onto a more dense layer of cold, fresh 
1, 1, 
water. The system was allowed to run-down until convection had almost 
ceased and fingers extended through most of the depth of the tank (30cm). 
* Two samples were withdrawn from each layer when Rp = 1.75 .±:_ .05 and when 
* Rp = 30 + 10. The calculated transport ratios were: KKCl /KNaCl=0.991 + .003, 
KKCl/KMgCl;0 .993 + .005 and KNaCl/KMgCl
2
=1.001 + .004, where the uncertain-
ties are those estimated from two experiments and two simultaneous samples. 
The solutes KCl, NaCl and MgC1 2 rank in order of decreasing molecular diffu-
sivity (see §2.4) and, to within the experimental uncertainties, those with 
smaller diffusivity are found to be transported most rapidly. This is pred-
icted by the interface model, as 1s the result that all transport ratios 
differ very little from unity. 
3.8 Conclusions 
An understanding of the salt finger interface of double-diffusive con-
vection has been reached by considering the coupling between tall salt 
fingers and high Rayleigh num~er convection. A mechanistic model of the 
transition zone supplies boundary conditions for the salt fingers of the 
interface. The model supposes that the length of the interfacial salt 
fingers is limited by gravitational instability of (collectively) buoyant 
boundary layers at the edges of the convecting layers. This mechanism 
replaces the Reynolds number criterion that has been previously assumed 
to be responsible for limiting the interface thickness. Conservation of 
each property at a steady interface allows the system of equations describ-
ing the model to be closed, and the model is shown to be stable to perturba-
tions of the interface thickness. There are many similarities to Linden 
and Shirtcliffe's (1978) discussion of t he 11 diffusive 11 interface. 
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The Reynolds number criterion determines the stability of steady salt 
fingers in a gravitationally stable density gradient, and therefore supplies 
an upper bound for conditions within the interfacial salt fingers. The 
Reynold's number remains useful as the model equations cannot be solved with 
sufficient numerical accuracy to allow useful predictions. Semi-empirical 
flux ratios are consistent with laboratory measurements: the heat-solute 
interface is predicted to yield r*~0. 6 + 0.03, while the salt-sugar system 
should give r*-o.9. These are the first properly justified predictions of 
the flux ratio through equilibrium salt finger interfaces, although the model 
remains idealistic in many ways: the salt fingers near the interface centre 
may be influenced by their finite length, large horizontal velocities 1n the 
convecting layers may alter the behaviour of fingers near the transition 
zone, and the linear vertical profiles assumed for the transition region 
may not be accurate. 
Other characteristics of the laboratory interfaces are successfully 
predicted: a relation between finger length and width; the maximum transi-
tion layer thickness; the intermittency time scale for this region; the 
ratto of horizontally averaged vertical T and S gradients in the interface 
centre; and the functional relationship SF =c(stS) 4/3. The upper limit, 
s 
* Rp=atT/ StS=T- 1 , for equilibrium salt finger interfaces is also established. 
The behaviour of the salt flux, Fs' cannot be predicted due to the presence 
of one unknown parameter (Al, but its semi-empir ical value is consistent with 
measured values. 
The determination of the flux ratio by the transition zone indicates 
that two solutes travel through a heat-solute finger interface with equal 
transport (or 11 mixing 11 ) coefficients. This result is a consequence of a 
very small ratio of diffusion to advection time scales for solute in the 
intermittent, buoyant boundary layer. 
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Finally, the formation of convecting layers and thin interfaces from 
a deep field of salt fingers needs to be considered. Without specifying 
the mechanism by which overturning first occurs, we can say that the pres-
ence of any mixed region imposes new boundary conditions upon the remain-
ing salt fingers. The buoyancy flux through these fingers will maintain 
convection in the mixed regions, while the fingers must either extend or 
contract in length until the fluxes through the fingers are equal to those 
through the transition zones and the mixed regions. The initial mixing of 
the salt fingers and vertical gradients may be due to an input of mechanical 
energy or to the transfer of energy from the salt finger buoyancy flux to 
relatively large scale internal waves, as suggested by Stern (1969). Equili-
brium interfaces are thus established in what was initially a smooth density 
gradient. 
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4. THE 11 0IFFUSIVE 11 DENSITY INTERFACE 
IN A POROUS MEDIUM 
4.1 Thermal Convection 
The nature of thermohaline interfaces in a viscous fluid has been 
discussed 1n terms of the boundary layer flow of high Rayleigh number con-
vection. It has also been assumed that inertial fluid motions are not 
necessary 1n order to maintain thin density interfaces against spreading 
by molecular diffusion or salt finger convection. Such interfaces, though, 
are found to migrate in the direction of least mechanical entrainment 
(see §2 . 5 and Schmitt, 1978a) and, at larger interfacial Froude numbers, 
the convection of the mixed layers penetrates the density gradient to excite 
interfacial waves. 
In the buoyancy driven convection of a fluid within a porous material 
there can be no advection or diffusion of vorticity. Thus flow geometries 
are different from those of viscous fluid convection. However, the convec-
tion again takes the form of a boundary layer flow; in this case at only 
moderately supercritical values of the appropriate Rayleigh number. Inerti al 
forces are entirely negligible and the possibility of entrainment of non-
buoyant fluid into the convecting region is reduced. 
Current understanding of thermal convection in a porous medium is 
reviewed briefly in the rest of this section. The onset of double-diffusive 
convection in a fluid that is constrained by a po rous sol i d is then 
62 
considered in §4.2. Qualitative lab.oratory observations of the 11 diffusive 11 
interface 1n a Hele-Shaw cell analogue to a porous medium are discussed in 
§4.3. In §4.4 are presented some preliminary theoretical ideas about the 
behaviour of such an interface. Experiments that allow measurements of 
the heat and salt fluxes through a two-layer convection system in a medium 
of glass spheres are reported in §4.5 and §4.6. The experimental results are 
discussed in §4.7 and compared with the previous theoretical predictions. 
Finally, the presence of 11 diffusive 11 thermohaline density interfaces in 
geothermal systems is considered 1n §4.8. 
Consider thermal convection in a horizontal layer of porous material, 
of depth H, heated uniformly from below. Suitable units of length, tempera-
ture, pressure, time and velocity are H, 6T, p VK /k, H2/K and Km/H 
o m m 
respectively, where p is a mean fluid density, vis the kinematic viscosity 
0 
and k is the permeability. The thermal diffusivity is Km= Km/(pc)f, where 
K 1s the thermal conductivity of the saturated medium and (pc)f is the 
m 
volumetric heat capacity of the fluid. The dimensionless governing equa-
tions (Lapwood, 1948; Wooding, 1957) become 
= z R e 
- m , 
( 4 . 1) 
v . U = 0, 
where the dimensionless macroscopic flow velocity~ is a volume average of 
the fluid particle velocities. Dimensionless temperatu re and press ure are 
e and P. The parameters of the flow are the Rayleigh number, 
ga6 Tk H R = 
m K V 
m 
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and the Prandtl - Darcy number B = (v/ Km) (1-1 2 /k) . The latter multiplies the 
inertia terms of the momentum equation and has been set to B.-HJ:J in (4.1). 
The critical Rayleigh number for pe rfectly conducting but impermeable 
boundaries is 4n2 (Lapwood, 1948), and two-dimensional motions have been 
observed in a He le-Shaw cell at Rayleigh numbers greater than this (Wooding, 
1960). Theoretical calculations of the heat flux at moderately super-
critical Rayleigh numbe rs have predicted an approximately linear relation-
ship between the Nusselt number and R (Elder, 1967; Palm et. al. 1972; 
m 
Zebib and Kassay, 1978). This is in excellent agreement with the empirical 
relation 
(4.2) 
found by Elder (1967) and with all other measurements in the range 
40<R <300 . The data of Schneider (1963), Elder (1967) and Comba rnous and 
m 
LeFur (1969) are shown in figure 4.1. Theoretical upper bounds for the 
heat transport curve are also consistent with this linear form (Busse and 
Joseph, 1972; Gupta and Jose ph, 1973). 
· For larger values · of Rm' the assumption that the heat flux is independ-
ent of the layer depth as Rm-+<x> implies that Nucr~ in this li mit. (The 
reasoning is the same as that which yields NucrR 1/3 as R-+m 1n a viscous 
fluid.) However, all experimental data fall below this l inear relation 
when Rm >200. In order to explain the observed behaviour, the development of 
a boundary layer flow at higher Rayleigh numbers has been considered. Palm 
et. al. have assumed the existence of an isothermal core (similar to that 
observed in a viscous fluid) within each convection cell and predict that 
Nu~Rm 
1
/ 2 . Such a core , though, ca nnot exist in a porous medium . Here, 
vorticity 1s dissipated at its point of generation rather than being advected 
and diffused throughout the convecting fluid as in a high Prandtl number 
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fluid. Therefore, the square root relation should underestimate the heat 
flux. Another boundary layer model for steady, two-dimensional flow has 
been developed by Robinson and O'Sullivan (1976). Thi s time the boundary 
layers (pr plumesl occupy the entire space, a behaviour that is consistent 
with observations in a Hele-Shaw cell. They suggest the heat flux depend-
ence 
for lOO<R <3000, based on numerical calculations of several 
m 
computations agree with those of Caltagirone (1975) and are 
figure 4.1 along with 
provides a reasonable 
tations at R >100 . 
m 
relations (4.2) and (4.3). The 2/ 3 -
fit to both the experimental data and 
.( 4. 3) 
authors. These 
reproduced ,n 
power law 
numerical compu-
There 1s some evidence to suggest that the reduced slope of the heat 
flux curve at higher Rayleigh numbers may be due to a breakdown of the 
porous medium equations (4.1). These are based on the conditions Ul/v<<l 
and Ul/Km<<l, where U is the flow velocity and l is a length scale for 
ind1vidual pores. If the Reynolds number criterion is not satisfied the 
linear form of Darcy's law may not be valid and, 1n laboratory experiments, 
Palm et. al. found that the heat flux data began to deviate from the linear 
relation (4.2} when the value UZ/v ~ 1.4 was exceeded. If the Peclet number 
becomes large, temperature gradients on the scale of individual pores are 
possible and the heat equation breaks down. Me cha nical dispersion of heat 
may become comparable to transport by thermal conduction (Saffman, 1960), 
and the solid may not be in thermal equilibr ium with the fluid. Elder 
(1967) has found that the thermal boundary layer thickness becomes less 
than the pore size, l , when a medium of large spheres is used. On the other 
hand, he considered onl y the horizontal boundary layers, while all numerical 
100 ----------.----.....-----,----
50 
20 
Nu 10 
5 
2 
Figure 4.1 
( 11 ) 
• 
Heat flow due to thermal convection in a horizontal porous 
layer. The experimental data of Combarnous and LeFur (1969) 
(+) show less scat ter than the earlier data of Scheider (1963) 
and Elder (1967) (• ) . Computed results (o) of several 
authors are taken from Robinson and 0 1 Sullivan (1976). The 
lines show (i) the linear relation (4 .2 ) and (ii) the 2 ; 3 -
power law of (4 . 3). 
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models indicate that the mass flux does no t al.1 pass throug h these boundary 
layers. The velocity boundary layer is much thicker. Hence a thin thermal 
boundary layer need not imply that the momentum equation of (4.1) is not 
useful for describing the system. 
Thus, while there remains some doubt about the correct form of the heat 
flux curve at high Rayleigh number in an ideal porous medium, the numerical 
models (using 4.1) do successfully predict the experimental results. The 
presence of both a steady and an unsteady mode at Rayleigh numbers greater 
than a critical value of 280 does not alter this agreement. The unsteady 
mode has been found to yield irregular fluctuations (Combarnous and LeFur , 
1969; Caltagirone et. al., 1971; Combarnous and Bories, 1973) but a mean 
heat flux is no more than 20% lower than that through steady convection. 
These measurements have been confirmed by two-dimensional numerical studies 
(Caltagirone, 1974, 1975) and a dimensionless time scale, a , for the fluc-
-2 
tuations is found to be 0 - 10 (Horne and O'Sullivan, 1974). 
Along with (.4. 3), other results of Robinson and O'Sullivan will be 
used in §4.7. Defining Las the width of a convection cell and using the 
dimensionless parameters of (_4.1), the cell aspect ratio, the velocity at 
the edge of each horizontal boundary layer and the dimensionless temperature 
at the centre of each vertical plume become 
, T 
These relations appear to be valid for 200<R <5000 . 
m 
4.2 The Stability of a Thermohaline System 
(4.4) 
When t he fluid within a porous materia l contains gradients of two prop-
erties which diffuse at different rates, the onset of convection may be 
either monotonic or oscillatory (Nield , 1968) . Salt fingers are possible 
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when the component with smaller diffusivity (_S) contributes a destab ilizing 
density gradient and R >4n 2 - T- 1 R where T <l is the appropriate ratio 
m m sm' m 
of diffusiviti·es and Rsm = gkH S6S/vKm. The density must also increase with 
depth: IR l>IR I. Such salt fingers cannot easily be studied in the 
m sm 
laboratory, where their horizontal length scale will be comparable to the 
grain size. Fingers obeying the viscous fluid equations would form qnstead. 
Of more interest are systems in which the faster diffusing component 
provides potential energy to drive convection. In the limit B-+oo, oscil latory 
instability occurs when R >4n2(1+T )-R . The result is similar to that 
m m sm 
obtained for an infinite Prandtl number fluid (with 27n 4 /4 replaced by 4n 2 ) 
and states that the density gradient must be inverted before convection is 
possible. In the following we will be interested in the nature of the large 
amplitude convection that develops after such a diffusive instability occurs . 
4.3 Observations 1n a Hele-Shaw Cell 
Convection within a porous medium can be modelled, and more ~asily 
visualized, in a narrow space between two vertical planes. The flow will 
be in immediate communication with the walls if the velocity, U, and the 
smallest length scale of the motion, o, satisfy the conditions b/o <<l, 
Ub 2 /vo<<l and Ub 2/Ko<<l, where bis the distance between the walls 
(Wooding, 1960). 
The following experiment was performed in order to investigate the 
behaviour of a thin "diffusive" interface in a Hel e-S haw cell. Sodium 
chloride solution (with a concentration ln .grams of solute per gram of 
solution of wT = 133%0) was placed onto a layer of sucrose solution 
(~s=246%o). This gave an initial density ratio of S6S/a6T ~ 1.15. Each 
layer was 13cm deep , with b ~ 0.1cm. In figure 4.2 are shown shadowgraph 
photographs taken at several times during an 8 day period as the system 
ran-down to higher density ratios. For individual mushroom-shaped plumes, 
I cm 
Figure 4.2 Shadowgraph photographs of a two-solute interface in a 
Hele-Shaw cell. Frames are at about 1 min. intervals 
and Rp - 1. 2. 
ure 4.3 Shadowgraphs of the interface of figure 4.2 after the 
system has run down for 24 hours. Scale is in centimeters. 
and collected on the 
Frames are at about 
Some dye was placed in the top layer 
interface just before this sequence . 
30 sec. intervals. 
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u - 10- 2 cms- 1 and O - 0.5cm. Hence b/ 0- 0.2, Ub 2 /vo-o.oz and Ub 2/Ko- zo, 
where the diffusivity of both solutes is of the order of 10-s cm 2s- 1 . 
Thus the Hele-Shaw model tends to break down due to the small solute diffus-
ivity, although the momentum diffuses rapidly across the space occupied by 
the fluid . 
The shadowgraph and dye observations reveal a flow adjacent to the 
interface that 1s very similar to that predicted and observed at the thermal 
boundary layer on a heated flat plate (Elder, 1968; Robinson, 1976). The 
motion is unsteady after the injected dye reaches the interface. There is 
first a period in which diffusion is important, then disturbances with a 
small length scale determined by some local criterion are amplified. The dye 
in the shadowgraph of figure 4.3(a) shows only slowly growing, roughly 
sinusoidal, motions with a length scale of 0.5cm. More rapid motions follow, 
as seen 1n figure 4. 3(b) and (c) . Vertical plumes become visible at an 
increasing horizontal length scale and eject buoyant fluid out of the 
boundary laye r region. As in the viscous fluid case the fluxes are deter-
mined by the coupling between this form of convection and the diffusion 
through the interface . 
4. 4 Theoretical Arguments 
Dimensional reasoning indicates those parameters of a two-layer system 
that may influence the heat and salt fluxes through the "di ffusive" inter-
* face. As in §2.5 and Turner (_1965) a dimensionless heat flux, FT' may be 
defined by comparing the interfacial flux, FT' with the flux, FP, that would 
flow if the interface were replaced by a thin, conducting and impermeable 
solid plane . Then 
f ( Rp , Rm, B, (_4. 5) 
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where Rp = S6S/a6T, Tm is the ratio of molecular diffusivities appropriate 
to the saturated medium and s is the ratio of pore space to total volume of 
solid and liquid (_porosity)_. The ratio of buoyancy fluxes, defined as 
BFs 
r = aFT ' should be a function of the same parameters. 
Only the limitB-+<x> need be consi"dered. The following postulate leads 
to a further simplification of (_4.5) that will later be tested experimen-
tally: for given porosity and molecular diffusivities, the nature of the 
interface and the transport of salt alter the heat-transporting properties 
of the convection in each layer only by altering the temperature boundary 
conditions. According to (4.3) this assumption implies that the flux 
-1; s; 
through the convecting layers behaves as FT~H 3 (a6T) 3. Further, FT 
must be the flux through the interface if the system is in a steady state. 
Since (4.3) also gives the 11 solid plane 11 flux, FP, the dimensionless heat 
flux is independent of layer depth and must take the form 
(4.6) 
The same reasoning cannot be applied to the salt flux. The buoyancy 
flux due to salt is expected to be much less than that due to heat and 1s 
carried by the thermally driven convection. With neither flux being 
independent of layer depth, a dependence of the flux ratio, r, upon the 
Rayleigh number, ~' cannot be dismissed.t 
It is possible to estimate the ratio of buoyancy fluxes by recalling 
the model of §2.2 for the interface in a viscous fluid. In a porous medium 
the interface wi'll again consist of a central region through which all 
transport is by molecular diffusion (this time with no viscous communication 
t On the other hand, if (4.2) holds instead of (4.3), both F1 and F 
will be independent of H. The form of (4.6) will then hold for b8th 
F1 and the flux ratio, r. 
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with the convection). and outer regions which couple the diffusion to the 
convection. The latter region is not understood. However, note that a 
steady flow with uniform velocity past an isothermal plate in a porous 
medium will, through the growth of diffusive boundary layers, yield a flux 
1 
ratio r cr Tm~· If horizontal temperature and salinity gradients at an 
interface edge are small compared to the vertical gradients through the 
interface, such a flow over the interface would give a similar flux ratio. 
The intermittent boundary layer flow visible in figure 4.2 and 4.3 will 
1 
alSO yield r cr Tm~• 
The vertical density gradient must again be continuous throughout the 
interface. In an idealized view of the interface, equal and opposite 
density steps due to T and Sat the interface edge are postulated. As 1n 
the profiles sketched in figure 2.1 these steps are~0T/2 andµ05;.2, and their 
existence in the Hele-Shaw flow can be seen in the form of sharp refractive 
index changes in figures 4.2 and 4.3. The fact that they are equal in mag-
nitude means that the diffusive boundary layers determine a flux ratio that 
is independent of the overall concentration differences between layers. 
1 
For · two solutes these arguments imply that r ~ T~ , where T 1s the ratio of 
diffusivities in the fluid and the result is the same as that for the 
viscous fluid case. 
Two additional factors influence the ratio of salt and. heat fluxes in 
a porous medium . First, a macroscop ic diffusion coefficient, D, for solute 
must be defined to include the tortuosity, T, of paths through the fluid 
within the medium (~ee De Wiest, 1969). For a homogeneous_, isotropic medium 
we can write D = TKs' where Ks is the solute diffusivity in the fluid. 
2 
Experiments with beds of glass beads have given T ~ /3 (see Saffman, 1960). 
The ratio of diffusivities is now defined as Tm= 0; Km. 
Second, heat travels through both solid and liquid while the solute is 
confined to a fraction E of the total volume . The diffusive flux of solute, 
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Fs·, per unit area of medium is then given by fs/ s = - oys while the flux 
of heat is simply fr= - (pc)f KmzT. Buoyancy fluxes due to salt and heat 
are therefore estimated to be in the ratio 
(_4. 7) 
To continue the analogy with the model for a "diffusive" interface in 
a viscous fluid, (4.7) may be equated to the ratio of diffusive buoyancy 
fluxes down linear gradients through the centre of the interface in a porous 
medium. Then 
r = E ( S l'I S - S o S ·) K al'IT aoT m 
D 
and the temperature step becomes, in place of (2.4), 
oT 
l'I T 
ETm 
() - -r- Rp) 
(1 -
(4 .8) 
It has been written in terms of r for later comparison with experiments. 
At this stage we can estimate the heat flux through the interface. 
For each convecting layer the interface forms an imperfectly conducting 
boundary; a boundary which has the same thermal diffusivity as the medium 
into which heat is diffusing. Hence the effective temperature drop across 
each layer is for the moment assumed to be equal to the temperature step, 
oT /2, at the edge of the interface instead of twice this amount. The heat 
flux curve (4.3) for thermal convection and the earlier hypothesis which 
stated that salinity gradients are only impo rtant within the interface and 
that the edge of the interface behaves as a rigid boundarY, now suggest a 
dimensionless heat flux 
(4 . 9) 
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The above discuss ion indicates that the role of four parameters must be 
studied in a complete experimental investigation of the 11 diffusive 11 inter-
face in a porous medium. ·The experiments described in §4.5 are a study of 
the set Rp, R and T only and the influence of po rosity, s , will be dis-
m m 
cussed in §4.7. Relations (4.7), (fl.8) and (fl.9) will be compared to 
measured fluxes and temperatures in §4.7. 
4.5 Laboratory Experiments 
Apparatus 
A porous medium suitable for laboratory experiments is a bed of rough ly 
uniform glass spheres, with the pore space filled with two layers of aqueous 
sodium chloride solution. Two different boxes were used to contain the 
saturated medium and a comparison of the heat flux measurements from the 
two boxes will reduce the possibility of unknown systematic errors. Both 
boxes had perspex walls but could be heated from below and cooled from above. 
Box A was 30cm deeµ with .a horizontal area of 20cm x 10 . 6cm. Heat was 
supplied to its metal base from a hot plate to which the power could be 
controlled. The saturated medium was cooled by circulating water from a 
constant temperature bath through a metal lid. Box B wa s a cube of 20cm 
side with constant temperature water baths providing both heating and cool-
ing. The bath temperatures were controlled to+ .02°C wh ile the .water ctrcu-
lated (at - socm 3 s- 1 ) through a maze of channels in the aluminium base and 
lid to supply vertical heat fluxes of less than 10 cal s- 1 • Both boxes had 
a small hole in the centre of a tapered lid which led up to a tube of larger 
diameter. This tube served as a reservoir of fluid for the uppe r layer, 
enabling the li'd to remain in contact with the fluid despite the withdrawal 
of samples during an experiment. 
Heat flux me ters (HFM) were included i n both the base and lid of box 
B 1n the manner shown in figure 4.4, but only in the base of box A. 
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Each HFM consisted of a sheet of polypropylene 0.1cm thick (.thermal conduc-
tivity 2.8 x 10- 4 cal cm- 2 0 c- 1 cm)_ separating the heated (_or cooled) 
aluminium block from an inner Al plate . The inner plate was in contact 
with the contents of the box. Thermistors attached to the Al on each side 
of the insulating layer enabled the temperature difference to be found. 
Side wall heat transfer was reduced to (.3.4 + 0.2) x 10-s cal cm- 2 s-1 °c-1 
for box A and (_1.8 ±_ 0.1) x 10-s cal cm- 2 s- 1 0 c- 1 for box B by placing 
expanded polystyrene foam on all surfaces . 
... 
CD 
CD 
.r:. 
Cl) 
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101 Ring 
/ 
Waterways 
Polypropylene Sheet 
Figure 4.4 Vertical section through a bottom edge of box B, showing 
the heat-flux-meter construction. 
The resistance of each thermistor (-SKQ) was calibrated against tempera-
ture by fitting a curve of the form R/R = exp ,l,j(T + T) to calibration 
0 'r ' 0 
points within a desired temperature range. Here, R , 1j;' an d T are constants 
0 0 
for each thermistor and temperature range. Temperature could then be found 
with an uncertainty of less than+ .02°c. 
Each HFM was calibrated individually by filling the box with a known 
volume of distilled water, insulatin g all boundaries and then heating 
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(or cooling} through the HFM while the water was stirred. The heat transfer 
coefficient, r {cal s- 1 0 c- 1)., was then obtained by equating the time inte-
grated flux through the thermal 11 resistor 11 to the sum of the heat gained by 
the water and the total heat lost from the system. The period required for 
calibration was sufficiently short to keep the integrated side wall losses 
to less than 2% of the heat gained by the water. Results were corrected to 
account for the heat capacity of the perspex walls and Al plate, and 
uncertainties in rare thought to be less than 3%. 
Resistance thermometers were embedded in the beads 1n order to obtain 
average temperatures for horizontal planes near the centre of each layer. 
Horizontal averages were necessary due to the large spatial temperature 
variations within a convecting layer predicted by (4.4). Each thermometer 
(-6D) consisted of 6m of fine insulated wire which crossed the width of the 
box at a regular spacing. They were connected into a bridge circuit that 
was balanced near the mean temperature of an experiment and the unbalanced 
voltage was displayed on a chart recorder. Thermometers were calibrated 
before and after each experiment by. immersing them in water baths over a 
range of temperatures. Care was taken that the presence of a strong electro-
lyte solution did not alter their outputs. A bridge supply voltage was 
chosen so that each thermometer dissipated only 4 x 10- 4 cal s-1, or 0.02% 
of the smallest heat flux measured. 
Vertical temperature profiles through the fluid density interface were 
obtained by embedding a vertical array of six glass-bead thermistors near 
the centre of the box. Thermistors were fixed 1.5 + 0.1cm from each other 
and the resistance of each was calibrated to an uncertainty of+ .02°C. 
Withdrawal of .fluid samples and injection of dye were necessary. These 
were simplified by mounting syringe needles in one wall of each box. How-
ever, a number of trial samples taken from different points in the medium 
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led to a large scatter in measured salinities. Consequently, the spatial 
variations were averaged by withdrawing fluid through six small tubes of 
equal length into a common volume and then out of the tank. Such a sampling 
device was placed near each resistance thermometer. 
The density of individual l ·ml samples was measured to an uncertainty 
of less than 2 x 10- 5 g cm- 3 at 25.00 + .Ol°C with a digital precision den-
sity meter (model OMA 02C, Anton Paar K.G., Austria).. The sodium chloride 
concentration, w, 1n grams of solute per gram of solution is then given by 
w = 1.43169 (p (4.10) 
where p is the fresh water density at 25°C (Ruddick and Shirtcliffe, 1979)t. 
0 
Some experiments 1n which sucrose (~land salt (T) were the two diffus-
ing properties were also performed in order to test the dependence of the 
flux ratio upon the ratio of diffusivities. In these experiments both the 
density and conductivity of small samples were measured. The di mensionless 
sugar concentration, ws' and salt concentration, wT' were again given by the 
data of Ruddick and Shirtcliffe, this time by inverting the density and 
conductivity polynomials, p(~s' wT) and A (ws' wT) respectively. 
The porous media 
Two bead diameters, Z = 0.3cm and 0.6cm, were used. These, and changes 
of 6T , allowed variations of the Rayleigh number for the convection. Both 
sizes gave a porosity s = 0.38 that was reproducible to within+ 0. 01. The 
therma l diffusivity was measured by establishing a steady linear temperature 
gradient in the stable sense through the saturated medium in box Band 
measuring both the temperature gradient and the resultant heat flux . 
t All water was placed under reduced pressure before use to remo ve 
most dissolved gas and therefore prevent the formation of bubbl es 
during an experiment. However, dissolved gas had an insignificant 
affect upon fluid density . 
75 
The value, K = 2.6 x 10- 3 cm2 s- 1 is roughly twice that of the fluid alone m , 
and is considered to have an uncertainty of 10%. 
The most reliable measure of the permeabilities was obtained by estab-
lishing a steady flow of water through a vertical column of beads. Darcy's 
law for flow through a porous medium states that the flux of water 1s 
directly proportional to the pressure drop. With a head of water, h, 
forcing flow through a column of length h and cross-sectional area A, the 
m 
permeability 1s 
k = vhm 
gh 
_Q_ 
A ' 
where Q is the volume flow rate . The quantity kg/v 1s termed the hydraulic 
conductivity. Since Darcy's law is only valid when Re<<l, where 
Re= (dh/dt)(Z/Ev) is a Reynold's number in the pores, only small values of 
h could be used . With hm=200cm and h ~ 1cm, Reynold's numbers of order 
unity were reached for the 0~3cm beads while Re-10 was the lowest possible 
for the 0.6cm beads. The calculated permeabilities are k~ 9.4 x 10-s cm2 
for 0.3cm beads and k ~ 3.1 x 10- 4 cm 2 for 0.6cm beads. These values 
are considered to be reliable to .within 5%. 
Experimental method 
To begin each experiment a two layer salinity distribution was esta b-
lished in the fluid within the porous medium. The upper layer was initial ly 
fresh water. It was desirable to achieve conta~t between the glass medium 
and inner Al plate when the lid was sealed into position, although t here 
sometimes remained a fluid space about 0.1cm deep. 
The first samples were withdrawn after the two layers had reached 
roughly constant temperatures. Thereafter the sampling periods va r ied from 
3 to 20 hours. Samples were taken from the centre of each layer si multan-
eously and up to twenty 1 ml samp les were taken from a single expe riment. 
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This amounts to 1% of the fluid volume in the smaller box. However , at 
most 0.1% of the fluid volume was withdrawn between consecutive sampling 
times. 
Injection of dye allowed visualization of the cell geometries and 
interface position near the walls of the box. However, when the interface 
was observed to be planar, a more accurate determination of interface 
position and therefore of layer volumes could be obtained from the vertical 
temperature profile near the centre of the box. Regular readings were 
taken of all thermistors. Experiments were terminated whenever fluid from 
one layer reached the resistance thermometer in the opposite half of the 
box either due to migration of the interface (see §4.6) or to complete over-
turning of the fluid. 
4.6 Experimental Results 
The convection 
The movement of dye near the perspex walls revealed the form of the 
convection within each fluid layer. A single thermal Rayleigh number, Rm' 
for the thermohaline systems may be defined in terms of the layer depth H, 
the temperature difference 6T between average layer temperatures, a mean 
viscosity for the system,v = v(_T, w), and a mean coefficient of thermal 
expans1o~a = a(T, w), where T and ware the mean temperature and salinity 
across the interface. The value of a= l/p(_a p/aT) was found from the 
derivative of the polynomial 
p - p = -2.539 x 10- 4 (T-25) 
0 
4.968 x 10-6 (T-25)2 
+ 2.7 X 10- s (T-25) 3 + 0.6997 w + 
0.1404 w2 + 0.337 w3 
-1.474 x 10- 3 w (_T-25) (4.11) 
This 1s an approximation to the polynomial given by Ruddick and Shirtcliffe. 
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A knowledge of a 1s also required for calculation of the density rat io Rp 
and the buoyancy flux aFP. 
With the two permeabilities and 6T ranging fro m 12°C to 27°C, the mean 
Rayleigh number lay in the range 230<Rm<2000. However, different Rayleigh 
numbers, Ru and Rz, are appropriate to the convection in the upper and lower 
layers respectively. These are based upon the local values of a and v,and 
upon twice the measured temperature drop, T', between the inner Al plates 
and the averaged centre of the adjacent layer. The value of a was as much 
as a factor of three greater, and that of v a factor of two smaller, in the 
lower layer than in the upper layer. Further, the heat flux may be limited 
by diffusion across the interface so that the effective temperature drop 
I 
across each layer, 2T, may be less than 6T. 
-Experiment Box l Symbol ~ R Rl u 
a A 0.3 0 510 160 820 
b A 0.3 D 630-690 290-330 1190-1940 
C A 0.3 6 510-700 250-340 940-1700 
d B 0.3 0 400-470 110-150 760-1050 
e B 0.3 V 230-260 220-270 410-430 
f A 0.6 • 1620-2060 200-360 1030-3320 
g B 0.6 • 1060-1130 100-140 890-1070 
h B 0.6 A 1050-1230 180-230 830-1240 
1 B 0.6 
' 
580-750 - 390-510 
Table 4.1 Rayleigh numbers for thermohaline experiments in a porous 
material. The bead diameter isl in centimetres. Symbols 
will be used in later fig ures. 
In Table 4.1 are listed esti mate s of R, R and Rl for each heat - salt 
m u 
experiment . The box in which the experi men t was performed and t he bead 
diameter are als o shown , along with a symbol that will be used to show data 
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points in later figures. The l arge di fference between the Rayleigh numbers 
for individual layers explains some observed properties of the convection. 
Dye movements such as those shown in figure 4.5, which are photographs 
of one side of the box, indicate that cell aspect ratios were smaller in 
the lower layer (0 . 2 < L/H < Q.7) than in the upper layer (0.5 < L/H < 1). 
These values are in rough agreement with the predicted aspect ratio (_4.4). 
Flow velocities ranged from 2 x 10- 2 cm s- 1 to 10- 3 cm s- 1 • 
Once dye became mixed throughout a layer it revealed the interface 
position. Two significant observations were made . First, the interface 
slowly migrated upward, implying a net downward exchange of fluid into the 
lower layer. Indeed, streaks of dye from the upper layer could sometimes 
be seen in the lower layer. A similar behaviour has been noted in §2.5 
and by Marmorino and Caldwell (1976) for the viscous f luid case and attribu-
ted to unequal entrainment due to unequal convection velocities. 
The second observation was that the interface was planar and horizontal 
at Rp> 3 but became distorted when Rp<2 . Small di stortions can be seen in the 
photographs shown in figure 4.5 .. They appeared to have a horizontal wave-
length of 2L and an amplitude that became ·comparable to this at Rp<l.5. 
A warm plume existed on both sides of the interface at its highest points; 
cold plumes at i"ts lowest points. As expected, viscous cou pling between 
the layers is not important. 
Further evidence of an increased interfacial surface area 1s shown 1n 
figure 4.6, where the quantity 2T 1 /6T is plotted against Rp. As 
before , T1 is the mea sured tempe rature drop between the inner metal 
plate and the horizontally averaged temp erature at the centre of the adjacent 
layer. Simultaneous results from the lid and base of box Bare connected. 
First note that, for a pla nar interface, the maximum poss ibl e value of T1 
is 6T/2 . As can be seen from the inset on figure 4.6, this fo1 ·1ows from 
the observation that 6T/2 is the maximum possible temperature difference 
(a) 
(b) 
Figure 4. 5 
i I I 
I 
10 15 cm 5 
Photographs of one wall of Box B showing layered convection. 
Frame (a) was taken 13 min. after dye was injected near the 
right-hand wall - red in the lower layer, blue in the upper 
layer. Frame (b) was taken 110 min. later when the red dye 
had mixed through half of the lower layer and blue dye was 
mixing through the upper layer. There are 4 cells along 
each wal l in each layer . Interface curvature is only small 
in this case. Rp~2.7, Rm- 450 (experiment d). 
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between the centre of each layer and the edge of the interface. However, 
when Rp< 2 most experiments indicate that T'>6T/2, and these density ratios 
are those at which interface distortion was observed. 
The data of figure 4.6 have further significance. It was tentatively 
assumed in obtaining the dimensionless heat flux (4.9) that the effective 
temperature drop across each layer was oT/2. We now write 2T'-oT/2. From 
(4.8) oT,6T and the curve 2T'/6T = \ (oT/ 6T) is drawn in the figure. 
' 
Despite the large uncertainty in the measured values of T' (possibly due to 
horizontal ternperature variations in the inner metal plate) the predicted 
relation is consistent with the temperature measurements at Rp> 3. The 
interface was also observed to be planar at these density ratios. These 
results will be discussed again in §4.7. 
Vertical temperature profiles obtained from the thermistor array 
revealed the interface position. In figure 4.7(a) are shown examples 
selected at various times during the record shown in figure 4.7(b). The 
point measurements are also compared to the horizontally averaged layer 
temperatures. Temperature maxima and minima often occured at th~ edges of 
an interface and imply the presence of unsteady convective motions. Upward 
migration could be measured and an estimate of the interface thickness, h, 
was possible. The quantity h dT = 6T/( /dz) max' based on the maximum 
temperature gradient detected within the interface, varied from 3cm at 
Rp = 8 to approximately 0.6cm at Rp = 3. 
Fluctuating temperatures were characteristic of most experi ments. In 
figure 4.7(b) is shown a typical record in which fluctuations were detected 
by both the averaging thermome ters and the thermistors. This behaviour was 
a significant cause of scatter in the heat flux mea surements since the inner 
Al plates did not reach a uniform temperature but partially responded to 
the local fluid temperature. The characteristic ti me scale ranged from five 
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hours in the cold layer to 10 m,n . 1n the lower layer. These values are 
consistent with the time scales for thermal convection at 300<Rm<l000 
predicted by Horne and O'Sullivan (1974). 
The heat flux 
Measurements of the heat flux through the base and lid were averaged 
over the period between salinity samples. The flux of heat, FT' through 
the interface was then found from 
where F8 1s the measured heat flux per unit area through the base, A8 is 
the area of the box and base, Fw is the side-wall heat flux calculated from 
the difference between Tz and room temperature, and Aw is the inner side-
wall area of the lower layer. A subscript 'Z' refers to the lower layer 
and pc 1s the heat content of the saturated medium. A similar expression -
may be written for FT calculated from the lid HFM readings. Total heat 
fluxes through the base ranged from 6 x 10-3 to 3.6 x 10- 2 cal cm- 2 s- 1 . 
Side wall losses were at most 3% of A8F8 for tank B but someti mes reached 
25% of the total flux for tank A. The correction for interface migration 
was only significant when Rp<3 , while the correction for an unsteady layer 
temperature was usually negligible. 
The calculated interfacial heat fluxes given by the base and lid HFMs 
of box B were always within 10% of each other. Therefore only the mean of 
the two values will be discussed. In order to find the corresponding "solid 
plane" heat flux, FP, measured values of 6T were used in the Nusselt number 
rel ation (4.3). The density step a6T and buoya ncy flux aFP were based on 
the coefficien t a = a(T , w). In figure 4.8 are shown the results for the 
* p dime ns ionless heat flux FT= FT/F It can be seen that the 2 / 3 - power 
law of (4 .3) collapses the data for the experimental range of Rayleigh 
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•• 
• 
2 3 4 5 6 7 8 9 
RP 
The dimen s ionle ss heat flux , F; = F1/FP from the porous 
medium experiments plotted against the density ratio 
Rp = G6 S/a6 T. Symbols are defined in Table 4. 1 and the 
curve i s the power law of best fit, equation (4.12 ) . 
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numbers. A normalization of FT using the linear relation of (4.2) was also 
* tested but resulted in a much greater scatter of FT. No systematic errors 
are apparent in each experiment since the many experiments an d the -results 
from two boxes agree. The simple power law that best describes the data 
of figure 4.8 1s 
* F = T 
-N 
M R p (4.12) 
where M = 0.90 + 0.03 and N = 0.89 + 0.07. A comparison of the data with 
the predicted heat flux will be left until §4.7. 
The ratio of salt and heat buoyancy fluxes 
The mass flux of salt, Fs' per unit area of interface is calculated 
from the concentration change in the top layer between sampling ti mes, 
knowing the mean depth EH u of the water column. To find the density flux 
SFs' the coefficient S = 1/p (ap/ aw)(T, w) is calculated from (4.11). The 
resulting values for the ratio of density fluxes divided by the porosity 
are shown in figure 4.9. These data must be compared with the prediction 
of (4.7) and, to do this, note that mean experimental temperatures of 33°C 
imply a salt diffusivity of K ~ 2 x 10-s cm2 s- 1 and a diffusivi ty ratio 
s 
Of T = 5.2 X 10-3 (+ 15%). 
m Therefore 
~ 
T 2 = 
m 
0.072 + .006, a value t ha t is 
shown as the lower line in the figure. The mean experimental flux ratio 
of 1/E (SFs/aFT) = 0.14 + .03 shows little dependence upon RP as predicted 
1 
but is twice the suggested value, T~ . There is also no dependence of r 
m 
upon either the Rayleigh number or bead size. The upper bro ken line in the 
figure will be discussed in §4.7. 
At sma ll density ratios, Rp<3, there is a small increase of r. This 
is possibly a result of interface distortion which may produce mechanical 
entrainment of both salt and heat by lea ving a fluid boundary layer around 
the sol id med i um when the interface between water types moves past the solid. 
r 
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Entrainment of heat is then also due to the heat capacity of the solid but 
only becomes significant if the interface migration is sufficiently rapid. 
The salt- sugar system 
In a two-solute experi ment both components are con fined to the fluid 
space and the system is isothermal. When a layer of sodium chloride solu-
tion (~T = 126%c) was placed above a layer of sucrose solution (ws = 247%0) 
within a medium of 0.3cm beads, injected dye again revealed convective 
motions within each layer. In this case the motions took a much smaller 
L aspect ratio ( /Hs0.2). The system ran down from an initial density ratio 
of Rp = 1.15 to Rp = 1.90 over a period of 200 hours. 
In order to find the ratio of buoyancy fluxes, r, note that the fluxes 
must satisfy the relation 
· SF 
aF (1 - _s) = 
T aFT 
dp 
£H -dt 
within each layer. The coefficients a and s (wT' ws) take local values 1n 
each layer and these values may be calculated from the polynomials of 
Ruddick and Shirtcliffe. Thus two different values of r can be found by 
applying the integrated form 
(4.13) 
to each layer where p and wT are initial values . This relation is 
0 0 
plotted in figure 4. 10 and yields a constant slope due to only a small 
change with time of a in each layer. The me an flux ratio 1s r = 0.55 + .03, 
k 
a value that falls close to the suggested value of T 2 = 0.57 + .02. The 
corresponding experimental value for the viscous fluid interface is 
0. 60 ±_ . 01 (Shirtcliffe, 1973). 
The results presented in this section are discussed 1n §4 .7 by compar-
ing them with the theoretical predictions of §4.4 and by referring to the 
I 
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understanding which has previously been gained abou t th e 11 di ff us ive 11 in ter-
face in a viscous fluid. The measured flux ratio and dimen s ionl ess hea t 
flux will be discussed individually. 
4.7 Discussion of Experimental Results 
Flux ratio 
The ratio of buoyancy fluxes will be considered first. This ra t io has 
been found to behave in a very similar way for the 11 diffusive 11 interface 
within a porous medium and in an unconstrained viscous fluid. Over mo st 
con · tions ( p not too close to u11ty) the flux ratio was independent 
I 
of all parameters tested in the laboratory exce t the ratio of diffusion 
coefficients. Thus, for a two-solute system in the porous medium, the 
value of r is only marginally smaller than that previously found in a 
viscous fluid and is close to ~ 2 T • In both the unconstrained fluid and the 
porous medium case, the measured ratio of salt to heat density fluxes 
through a thermohaline interface is a little greater than the predicted 
value. The difference between the measured and predicted values, t hou gh, 
1s more pronounced in the porous medium case and a possible explanation for 
this is given below. 
Transport of solute away from the edges of an interface withi n a porous 
material may be increased by the phenomenon of mechanical dis persi on . When 
solute gradients appear on length scales less than individ ua l pore dimen-
sions, molecular diffusion between streamlines and subsequen t divergence of 
these streamlines as the fluid percolates through the medi um wil l increase 
the effective diffusion coefficient. In t he experi ments re ported here the 
observed convection velocities, U, ave raged be t wee n l ayers , i ndicate Peclet 
numbers of 50 <Ul / K <200 and 0.5 <Ul/ K <2. As before, l , is a character i stic 
s m 
pore d i men s i on . Th us the rma l grad i en ts are s ma l 1 , w h i 1 e s a l i n i t y grad i en ts 
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may be high, within individual pores. Indeed, the salinity boundary layer 
thickness at the interface edge would be less than l. Dispersion experi-
ments in a bed of glass spheres (_see Saffman, 1960) suggest an effective 
diffusion coefficient of D' - 4K (but no mechanical dispersion of heat) at 
s 
these Peclet numbers. Then D' replaces D= ~ Ks in (4.7). The modified 
l 
ratio , T~ - 0. 18, is shown as the upper line in figure 4.9 and forms a 
good upper bound for the data, indicating that this form of 'entrainment' 
at the interface edge can explain the observed flux ratio if we accept the 
arguments leading to equation (_4. 7). For the analogous interface uncon-
strained by a porous solid, viscous entrainment has been suggested as the 
1: 
cause of a flux ratio greater than T 2 • 
Heat flux 
The dimensionless heat flux data of figure 4.8 show no dependence upon 
the Rayleigh number of the convection or upon bead size. These data have 
been fitted by the curve (4 . 12) which might be compared to Huppert's (1971) 
approximation to the dimensionless heat flux through a viscous fluid inter-
* - -2 face: FT - 3.8 Rp . In the porous medium case, though, the fluid convec-
tion is unable to supply energy to inertial wave motions at the interface, 
requiring that mechanical mixing be neglected. This explains the only 
significant difference between the two empirical heat flux curves: both an 
increased surface area due to interface distortion and mixing by breaking 
interfacial waves cause FT to exceed the "solid plane" ·value as · Rp+l 1n the 
unconstrained fluid; only interface distortion is available to bring FT up 
to the 11 solid plane" value 1n the porous material. 
all density ratios reached 1n the experiment. 
* 
* We find that F T<l for 
On the other hand, it 1s known that FT>l 1n the unconstrained t wo-sol ute 
system when Rp+l (Shirtcliffe, 1973), an increase that has been attributed 
to an increased interfacial area. The distortion 1s produced by i nertial 
fluid motions but no breaking waves were observed. 
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To assess the influence of interface bending upon the vertical heat 
flux in the porous medium case, an upper limit for the surface area change 
can be estimated. Assume all distortions to be sinusoidal in two-di men-
sions (a reasonable approximation to laboratory observations) , with an 
amplitude a and wavelength 2L. When a<L it can be shown that such a 
surface has an area A given by 
2 1+2(f) (4.14) 
where AB is the cross-sectional area of the box. 
The amplitude is determined by a combination of horizontal property 
variations (aT 11 ) in each convecting layer and the pressure gradient (6p/ L) 
necessary to force horizontal flow between up- and down-going plumes. At 
this stage it is assumed that the interface distortion does not itself 
greatly influence the convection. To find a maximum distortion for given 
average layer properties, the cell configuration sketched in figure 4.11 is 
considered, with flow along the interface assumed to be quasi-horizontal. 
From equations (4.1), the horizontal flow velocity in dimensional form is 
u k 6p 
pv L ' 
and the corresponding pressure gradient is 
2ag6p - (H + 2a) 2g jaT11 I 
Combining these with the convection properties aT11 ~ (acS T/BXR /40)_
1
/ 6 
m 
U ~ ll( Km/H)(Rm/40) 2 / 3 , obtained from equations (4.4), gives 
and 
a - 1 ( Rm ) 2 / 3 ( 18 . 7 Rm - 1 + ¢ ) 
L 3.4 40 Rp - 1 - ¢ ' (4.15) 
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A sketch of the convection geometry that would give the 
maximum interface curvature. · Cells in the upper and 
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intended to be an absolute prediction. It 1s based upon assumptions which 
cannot be rigorously justified but which, after comparison with experiments, 
yield an understanding of the convection. In further support of the assump-
tion note that only 5% of the potential energy released from the temperature 
field in the porous medium experiments is used to raise the centre of 
gravity of the salinity field. 
At smaller interfacial stabilities, Rp< 3, the curves on figure 4.12 
show that the estimated upper bounds for the influence of interface distort-
ion can reconcile relation (4.9) with the measured heat fluxes. These are 
also the conditions under which the interface was observed to be nonplanar 
and under which 2T'>6T .. For 20Q<Rm<l600, the estimates for the amplitude 
L . 
of the interface distortions reach a,..., /2 at _2.3<Rp<3, and this too agrees 
with dye observations. At still lower density ratios the density step, 6p, 
across the interface decreases more rapidly than the density anomaly between 
vertical plumes, causing a/L ~ 00 at Rp - 1.1. For Rp<l.i ··it is predicted 
that two layers cannot exist indefinitely. Within the box, though, rigid 
top and bottom boundaries might reduce the interface distortion and there 
might not be sufficient tim~as the salinity field runs down,for adjustment 
* to an equilibrium interface shape. Further, the heat flux FT did no t reach 
unity when 2T' >6T was measured. This implies that the heat-transporting 
capacity of the layer convection was reduced by salt transport or interface 
curvature. 
The porous material 
Finally, we discuss the properties of the solid medium and their 
imp ortance for determining the heat and salt fluxes through a two-layer 
convecting system. There are some properties of the solid which have littl e 
influence. The permeability , k, of the solid and the thermal diffusivity, 
Km' of the saturated med i um both infl uence the Ray l eigh number for the 
convecti on . However , the Ray lei gh number appears to have no influence upon 
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the heat or salt fluxes through a "diffusive" interface and only needs to 
be greater than a critical value. The permeability and t he porosi ty, s , 
may both have some influence upon the transport of solute via hydrodynamic 
dispersion and the characteristic pore dimensions, but only minor additions 
to t h-e f 1 u x a re po s s i b 1 e . 0 n the other ha n d , sol u t e i s con f i n e d to the pore 
space so that solute fluxes are directly proportional to s (as shown in 4.7). 
Similarly, diffusion of heat through the interface is strongly determined 
by K • 
m 
4.8 Geothermal systems 
Some implications of double-diffusive convection within the Earth's 
crust are best discussed in terms of an example. McNabb (1975) has already 
hinted at the possible occurrence of layered thermohaline convection in 
the Wairakei geothermal field of New Zealand. He suggests that magmatic 
fluid released from the 11 hot plate 11 beneath the hydrothermal system may 
boil and give rise to a fluid saturated with solutes. However, most of 
the 5 - 10km deep circulation consists of dilute (2%o) groundwater that 
does not reach temperatures greater than 300°C. Therefore, the hot, 
saturated brine (200%0) may form a more dense layer at the bottom, insula-
ting the groundwater from the high temperature regions exceeding 400°C. 
The model system suggested by McNabb, and to which the ideas t hat ha ve 
been developed 1n this chapter will be applied, is illustrated i n f i gure 
4.14. This model is able to explain the low temperatures and small magmatic 
fluid content of the groundwaters. The lower boundary is thought to be 
close to 700°C, leaving a temperature drop of about 200°c across t he brine 
layer at a depth of about 5km . With k - 10- 10 cm2 (McNabb, Grant and 
Robinson, 1975), a6T ~ 10- 1 g cm- 3, v N 10- 3 cm2 s- 1 and Km = 3 x 10- 3 
cm2 s- 1, a layer 100m deep would have a t hermal Rayleigh numb er of R ,.._, 30. 
m 
Therefore, the groundwater system, wh ic h ha s R ~ 10 3, may be suppl i ed with 
m 
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Figure 4. 14 An idea·lized model for the Wairakei geotherma l system. 
The motion of groundwater near a. hot plume is illustrated. 
A more dense layer of hot saturated brine in sulates t he 
heat source . Heat (H) and salt (S) aresupplied from the 
magma body and released at the ground surface . 
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heat and salt through a lower convect ing layer or by diffu sion through a 
stable brine layer. The system can remain in a steady state due to expul-
sion of heated groundwater at the surface and intake of fresh meteoric water. 
From measured and estimated quantities the buoyancy fluxes due to both 
heat and salt may be evaluated. The geothermal field (150km x 20km) 
consists of many hot plumes of area 10km2 . Each plume carries 5 x 107 
cal s-1 and about 400. g s- 1 of salt at a concentration of 1 to 2%o. At 
the conditions near the postulated brine/groundwater interface (500 bars, 
500°C, 100%0) the expansion coefficients for heat and salt are a~10- 3 0 c- 1 
and sN2, with CPN2 cal g- 1 0 c- 1 . The ratio of salt to heat buoyancy fluxes 
becomes, within a factor of three, sFs/aFT N 0.03. Any effects of boiling 
are neglected. 
Such a flux ratio can be predicted by assuming that a "diffusive" 
interface exists. McNabb has estimated the diffusion coefficient for sodium 
chloride in water at the conditions of interest to be Ks ~ 2 x 10- 4 cm2 s-1. 
Then the porosity, s = 0.2 + 0.1, gives r = s(2 / 3 KS/ Km)~!::::'. 0.04 + .02. 
Thus, given the heat flux, the salt flux can be successfully predicted. 
The presence of a "diffusive" interface would also have implications 
for the heat flux through the geothermal system. Individual contributions 
to the density step in the present example are esti mated to be atT - 0.1 
g cm- 3 and S6S N 0.4 g cm- 3 , giving a density ratio of Rp ,..., 4. From the 
results of laboratory experiments reported in §4.6, the heat flux through 
the system would be approximately ~ of the "solid plane" value based on the 
temperature difference, 6T, between layers. Noting that 6T is less than 
the total temperature drop across the system (and remembering that the 
"solid plane" heat flux is proportional to the 5/ 3 - power of the tempera-
ture drop across a convecting layer) it mu st be concl uded that the geo-
thermal heat flux through an interface, assuming a given medi um, would be an 
order of magnitude less than that given by thermal convection between the 
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"hot plate" and the surface. This suggests that permeability estimates 
based upon heat flow observations (McNabb et. al.) mi ght be nearly an order 
of magnitude too small since the calculations have assumed simple thermal 
convection. More significantly, the layered convection suggested here 
would decouple the salt flux into the groundwater from the magmatic supply 
of heat and salt . A 11 diffusive 11 interface would maintain, but allow 
interaction between, two different chemical and thermal environments. 
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5. SUMMARY 
The density interfaces of layered thermohaline convection have been 
studied by considering three problems: the fluxes of more than two compon-
ents through the 11 diffusive 11 and "salt finger" interfaces; the mechanism 
by which the length of salt fingers is determined at a thin salt finger 
interface, with the resultant fluxes; and the nature of a 11 diffusive 11 
density interface within a porous medium. These three interfaces have many 
similarities. They may all be described in terms of the coupling between the 
buoyancy flux through a central region of high density gradient and the 
boundary layer fl ow of high Rayleigh number convection in each mixed layer. 
Through the "diffusive" thermohaline interface, individual solutes have 
been found to travel with unequal transport coefficients, K. = F ./~C .. For 
1, 1, 1,, 
any ·two components, the ratio of mixing coefficients, K./K., is dependent 
i, J 
upon both the ratio of diffusion coefficients, K ,/ K ., and a density · ra tio 
1,, J 
f . · T T . · 1 l f / or the 1 nterface, · Rp . When Rp ::::: 2 the exper1 men ta va ues o· K. K. a re 
i, J 
approximately equal to K ,/ K . 1n accord with a theoretical prediction. At 
1, J 
higher values of R6 the ratio of mixing coefficients becomes even further 
from unity, a result which has not been fully explained but which has import-
ant geophysical imp lications. 
Estimates of K./K. for the vertical m1x1ng of three maJor cations in 
i, J 
Lake Kivu agree very well with the expe ri mental results at R6::::: 2.0. Heat 
fluxes through th e distinct 11 diffusive 11 layering in this lake are 
- 0.9 wn- 2 (2 x 10- 5 cal cm- 2 s- 1 ) so that we have the first direct evidence 
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for unequal mixing of two or more comp onents across 11 diffusive 11 interfaces 
at oceanic conditions. This result should be remembered when considering 
the mixing of ocean water masses by one-dimensional layered convection or 
at oceanic fronts by the double-diffusive interleaving process. Depending 
upon the basic vertical T and S gradients in the latter case, the salt 
finger interface need not always dominate the vertical and hence horizontal, 
fluxes. 
The ratio of buoyancy fluxes due to heat and salt across the salt finger 
interface has been predicted. As .for the "diffusive" interface, an inter-
mittent boundary layer flow, determined by a local Rayleigh number criterion, 
is able to fix the interface thickness, and hence the vertical fluxes. This 
criterion replaces the salt finger Reynolds number condition that was 
previously thought to describe the breakdown of fingers to turbulent convec-
tion at the edge of the interface. However, useful predictions could only 
be made by expressing desired quantities in terms of one unknown parameter, 
and for this purpose the Reynolds number, A, was chosen. A consistency 
argument linking the empirical values of A and the predicted values of the 
flux and flux ratio was then developed. The ratio of buoyancy fluxes has 
been predicted to be r ~ 0.6 + 0.03 for heat-salt interfaces and r ~ 0.9 
for salt-sugar systems, values which are consistent with most expe rimental 
results. It has also been shown that t wo solutes have equal mixing coeffic-
ients across a heat-salt finger interface. 
Experiments with a 11 diffusive 11 interface 1n a Hele -Shaw cell and a 
porous me dium of glass spheres indicate that such an interface is maintained 
against spreading by diffusion, despite t he lack of inertial forces. The 
ratio of salt to heat buoyancy fl uxe s through the interface in laboratory 
.!-.:: 
experi ment s is given to a reasonable approximation by r = ET 2 , where E 
m 
is the po rosity and T 1s th e appropriate ratio of diffusion coefficients. 
m 
The heat flux has also been measured and compared with that through the 
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viscous fluid interface. Although bending of the interface due to horizontal 
property variat i ons in each convecting layer causes a greater flow of heat, 
the heat flux does not reach the 11 solid plane 11 value. It is inertial fluid 
motions 0n the form of breaking interfacial wave~ which allow this value to 
be exceeded in the unconstrained fluid. In both cases the heat flux at 
larger density ratios (_Rp > 3)_ can be predicted by considering the interface 
edge to be a rigid, imperfectly conducting boundary and assuming that the 
stabilizing property is only important within the interface. The porosity 
and the thermal diffusivity are the only important properties of the solid 
medium . An application of these results to a simple two-layer model of the 
Wairakei geothermal system has been shown to predict a ratio of salt and 
heat fluxes which is consistent with the observed value. The assumed 
presence of a 11 diffusive 11 thermohaline interface is also ab l e to explain 
other characteristics of the groundwater convection system. 
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APPENDIX A 
THE ONSET OF CONVECTION WITH 
THREE DIFFUSING COMPONENTS 
The small- amplitude stability analysis for onset of double-diffusive 
convection when the density gradient is gravitationally stable is extended 
to include a third diffusing component. Special attention is given to 
systems with K1>>K 2 ,K 3 and Pr>>K 2/K 1 , where K . is the molecular diffusivity 
'l, 
of the i 'th component and Pr is the Prandtl number based on the largest of 
K .• It is found that the boundary for the onset of overstability is approxi-
1,, 
mated by two straight lines in a Rayleigh number plane. Small concentrations 
of a third property with a smaller diffusivity can have a significant effect 
upon the nature of diffusive instabilities, the magnitude of this effect being 
proportional to K1/K .. Oscillatory and direct "salt finger" modes are found 
'l, 
to be simultaneously unstable under a wide range of conditions when the 
density gradient due to components with the greatest and smallest diffusivi-
ties are of the same sign. 
Al. Introduction 
Convective phenomena which are driven by the differential diffusion of 
two properties such as heat and salt are thought to occur in many contexts, 
some of which are listed by Turner (1974). To determine the conditions under 
A2 
which these motions will occur, the linear stability of two superposed 
concentration (or temperature) gradients has been studied by Stern (1960), 
Walin (1964), Veronis (1965), Nield (1967) and Baines and Gill (1969). 
Veron is (1968)., Straus (_1972), Huppert (.1976) and Huppert and Moore (1976) 
have considered the stability of such a system to finite-amplitude disturb-
ances. These studies have shown that statically stable density gradients 
may be unstable when the density gradients due to individual components are 
opposed. Sal.t fingers can occur when the component with the smaller diffusi-
vity is gravitationally destabilizing, while a destabilizing ·gradient of the 
faster diffusing property leads to oscillatory instability. 
Only doubly-diffusive convection has been considered. There are many 
fluid systems, however, in which more than two components are present. For 
example, Degens et al. (1973) report that the saline waters of geothermally 
heated Lake .Kivu are strongly stratified by temperature and a salinity which 
is the sum of comparable concentrations of many salts, while the oceans 
contain many salts in concentrations less than a few percent of the sodium 
chloride concentration. In laboratory experiments on double-diffusive convec-
tion, dyes or small temperature anomalies introduce a third property which 
affects the density of the fluid. The "diffusive overturning" of McIntyre 
(1970) which is suggested to occur in Gulf Stream eddies (Lambert, 1974) 
also involves three components: angular velocity, temperature and salinity, 
and more complicated systems can be found in magmas and mo l ten metals 
(Jakeman and Hurle, 1972). Results of the small -amplitude sta bility analysis 
for linear concentration gradients of three components are presented here. 
A2. Linearized Stabil ity Analysis 
Consider a fluid containing three diffusing properties and let 
(A. 1) 
A3 
where K , is the coefficient of molecular diffusion for the i'th component; 
1., 
let c . be the corresponding concentration. In the Boussinesq approximation 
'l, . 
the equation of state is 
(A. 2) 
where p is the mean density of the system and s . are (local) constants. 
m 1., 
The z' axis is chosen to be directed vertically upward and the initial 
property gradients are assumed to be vertical and linear through a layer of 
fluid which is confined between two horizontal boundaries at z' = O and h. 
These boundaries are assumed to be dynamically free and perfectly conducting 
(or permeable) to all components. The concentration difference between the 
boundaries is 6C. with the sign convention that 6C.>O when a component is 
1., 1., 
'destabilizing'. As in the two-component problem (see Baines and Gill, 1969) 
the non-dimensional parameters are defined by scaling with hand K1 • We 
then have the Rayleigh numbers, R., diffusivity ratios, T., and the Prandtl 
1., 1., 
number, Pr , given by 
R. -
1., \) K l , Pr -
\) 
K 1 ' 
K , 
1., 
1 , 2 , 3 . 
Considering only two-dimensional motions with velocity g = (u,o, w) , the 
linearized perturbation equations of vorticity and conservation of each 
component become 
2 2 3 1 8 L ( Pr 8t - V ) V lJ; - aei i=l , dX 
d 2 ~ (a:;; T . V J e . - R . 1., 
- 1,2 , 3 , 1., 1., 1., dX , 
where e . are non-dimensional concentrations and ~ 1s a two-dimensional 
1., 
(/\. 3) 
(A.4) 
A'1 
streamfunction. The boundary conditions are 
e 1 = e 2 = e 3 = iJJ = ~ 2; 2 = o a t .z = o., 1 . 
Substitution of normal modes with exponential growth-rate a, horizontal 
wavenumber na and vertical wavenumber n into (A.4) yields the characteristic 
equation 
, ( A·. 5) 
with 0 1 = 0 ;k2, R~ = n
2
a
2 
R, and k2 = n2 (a 2+1). Because (A.4) involves four 
'l, k6 'l, 
rather than three time derivatives, (A.5) is of fourth order in the growth 
rate a, in contrast to the cubic relation familiar from the two-component 
analysis. For the most unstable mode at marginal stability 
and I R. 
'l, (A.6) 
Relations (A.5) and (A.6) imply that for the most unstable mode, a 1s 
real and positive 1n the half-space 
so 
* 
3 2 7n4 I R.T. -1 ) 4 'l, 'l, (A. 7) 
i=l 
that instability 1 S monotonic there * . Inequality (A.7) 1 S the 
On the plane of marginal stability one root of (A.5-A.6) is o=O. 
Although this is not always the root of maxi mum growth rate, numerical 
computations of the nature of the four roots show that 'e xchan ge of 
stabilities' does occur at the equality of (A.7 ) if t he density gradie nt 
is gravitationally stable. 
A5 
27n4 generalization of the Rayleigh number criterion, R1 ~ 4 , for convection 
involving a single diffusing component. The plane surface of marginal 
stability on which the equality of (A.7) holds will be denoted by f). 
For the case of a marginally stable oscillatory mode we substitute 
a= i a . into (A.5) and require a . to be real. Collecting real parts gives & & 
0 J (A.8) 
and from imaginary parts, 
(A. 9) 
where 
A - T 2 + T 3 + T 2 T 3 ( I + p r-
1) 
' 
' 
D I + T 2 + T 3 + Pr__, 
1 ( T 2 + T 3 + r 2 r 3 ) • 
Toget.her (A.6), (A.8) and (A.9) describe the curve 
2 2 2 
a I R 1 + a2 R 2 + a 3 R 3 + a 4 R I R 2 + a 5 R I R 3 + a 6 R 2 R 3 
( 2 71T4)2 + 4 Oo 0 
' 
(A.10) 
where the coefficients are 
and 
A6 
2 -I 
a 9 - ( 8 D-2 A ) ( I + T 2 ) + A 8 - T 2 B Pr 
2 2 -I A - AB D + T 2 T 3 B Pr 
' 
' 
' 
' 
., 
We also require o ~2 >0 in (A.8) and (A.9). Thus the i nequalities 
1., 
> 0 
mu st be satisfied on (A.10), where 
( 2 77T
4
)
2 
( 2 -1) + 4 . D - 4 r 2 r 3 Pr , 
(A.11) 
Whenever 0<T 2 , T3<1 (A . 10) is an hyperboloid of which ineq ualities 
(A.11) select the appropriate branch : the conditions at which the mo st 
unstable oscillatory mode is marginally stable . This hyberboloidal surface 
I\ 7' 
,n R . - space will be denoted by ff. It bec ome s a parabol oid when 
(; 
T2 , T 3 = l, that is when only one compo nent is present , and i t s i nt ers ect ion 
with any plane parallel to the R1=0 plane becomes parabolic wh en T 2 , T 3 = 0. 
The plane boundary P and the surface H alo ne still do not determi ne 
fully the conditions under which direct or oscillatory instabili ty may occu r , 
as there remains the possibility that complex roots of the quartic charac ter-
istic equation (A.5) may become real roots· without their real parts passing 
through zero. One such transition has been considered in the two-component 
case by Baines and Gill; however, two transitions occur for t he qua r tic 
equation (A.5) discussed here. Numerical computations which are not presented 
here show that both the transition from zero to two real roots and the 
transition from two real to four real roots can influence the nature of the 
mode of instability. In section A.3 possible positions of the bou ndaries 
f>and Hare illustrated for two sets of molecular properties. 
A3. Examples of Stability Boundaries 
In figure Al(a) are shown the relevan t portions of the intersect ions of 
fJ and of ff w i th the pl an e R 3 = - 5 ( see A . 6 ) ; ' rel e van t port i on s I me a n s those 
which describe a change of the mode of instability for t he most unstable mode. 
The numerical parameter values used are Ki = 1.6 x 10- s cm2 s-1 , 
Kz = 1.3 x 10- 5 cm2 s- 1, K3 = 0.45 x 10- s cm2 s- 1 
and Pr = v/ K1=625, corresponding to an aqueous solution of KCl, NaCl and 
sucrose. The diffusivity ratios are not fa r f rom un i ty , as i s typical of 
molecul ar speci es in molten metals and ma gma s as wel l as 1n laboratory models 
usin g sal t -sugar solutions. Fig ures Al(b) an d Al (c) show the same for the 
planes R3 = 0 and R3 = 5. Th e pla ne def i ned by IR .= 0 and on which a0 /az=O 
. (; 
is also shown , de no ted by ,d. 
(; 
-150 
( a) 
Figure Al. 
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Stability boundaries for the mo st unstable mode when 
T2 = 0. 81 , T 3 = 0. 28, T* = 0. 35 and Pr= 625 at three 
values of R3 : R3 = -5, (a); R3 = 0, (b); R3 = 5, (c). 
Coordinates are normalized to the critical Rayleigh 
number, 27 TI 4 /4, and lines are explained in the te xt . 
Hor izontally hatched regions give oversta ble modes ; 
obliq ue hatching shows conditions unstable to salt 
fingers . 
Figure Al(b) 
Figure Al(c) 
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The a s ym pt o t es of the hyper b o l a a re a l mos t par a 11 el , w i t h the s l ope 
of each being independent of the value of R 3. The upper asymp tote has 
slope -(Pr+T 2 )/(Pr+l). Salt fingers and overstable modes can occur (as the 
most unstable mode) at adjacent conditions when the fastest and slowest 
diffusing components are destabilizing (second quadrant of figure Al(c) 
when R 3 is sufficiently large} and more extensively when these two components 
are stabilizing (fourth quadrant of figure Ala). 
The discussion of a three-component system may be simplified when 
T2 , T3 ~ 0 and Pr>> T2 since ff approaches it's asymptotes in this limit 
and the asymptotes themselves degenerate into a pair of planes: 
R + Pr 
l (Pr+l) 
27n4 
4 ' 
(A.12) 
(A.13) 
When R 3 = 0, relation (A.12) reduces to the condition for marginal stab i lity 
of oscillatory modes of two-component systems. 
Here we use as an example the aqueous system heat-KCl-sucrose (i = 1,2,3 
respectively) for which Ki= 1.4 x 10-3 cm 2 s-1, K2· = 1.6 x 10-s cm2 s- 1, 
K3 = 0.45 x 10-s cm2 s-1 and Pr= 7. In figures A2(a-c) are shown the 
relevant portions of the intersections of oJ,ff and4 with the th ree pla nes 
R 3 = -0.96, R 3 = 0 and R 3 = 0.96 respectively. It can be seen that ft will be 
described very closely by (A.12) and (A.13). 
To show the three-dimensional geometry more clearly the intersect ions of 
the surfacesP,-H and4with each other, as functions of R3, ·will also be 
defined and are shown as broken lines in figure A2. The t wo asymp totes 
(A.12) and (A.13) intersect at a point Q whe re Ri = 1 and R2 =- R3. Th is 
point lies to the left of fJ when R 3 < 0 (see fi gure A2a). Th en th e l owe r 
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T 2 = . 011 , 1 3 = . 003 , 1* = 0. 28 and Pr= 7 at three values 
of R3 : R3 = - 0. 96 , (a); R3 = 0, (b); R3 = 0. 96, (c) . 
Hatching and heavy lines have the same meaning as in figure 1 
and the points Q, Band P ~ove alo ng the fine broken lines 
when R3 is varied . 
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A9 
asymptote ( A . 13 ) of H and the p 1 an e ffeJ con verge s 1 owl y to i n t er s e ct at P , 
a point where R1 = l- lR3l(l -T*)/( T*T3 ) and R2 = IR3IT~2 • Here , 
T* = T3/ T2 = K3/ K2 and the almost vertical broken line in the fourth quadrant 
of figure A2(a) is the locus of P as R3 is varied. The point Plies well 
within the region of static ·stability (provided R3 < 0) so that a stabilizing 
gradient of the component with smallest diffusivity causes a large extension 
of the range of values of Ri and R2 at which overstable modes occur. Further, 
P falls well below B, the intersection ofPand.J'. 
For R 3 > 0 ( s· e e f i g u re A 2 c ) the po i n t Q 1 i es to the r i g ht of fJ so that 
only one asymptote, (A.12), is drawn. The intersection P now lies on the 
line Ri + Pr (l-T*)R2/(Pr+l) = 1 in the second quadrant of the (R2, R1) plane. 
There are two points of interest: it may be shown that P again falls below 
B when R 3 > (Pr+l)T*/(1 - T*) (~3.1 1n the present example); and, more 
obviously, a destabilizing gradient of component '2' (R2 > 0) is no longer 
a necessary condition for the growth of salt fingers. 
Through the use of (A.6) in the above discussion, we have only consid-
' 
ered the nature of the most unstable mode near marginal stability. As shown 
in §A . 4, the stability analysis yields further information about the physical 
behaviour of multi-component systems . 
A4 . Physical Behaviour of Three-Component Systems 
We no longer restrict attention to the most unstable mode and allow a 
to vary. The po r tion of the plane P above its intersection with ff (at P 
1n figure A2) must now divide conditions to the left at which only oscilla-
tory disturbances are un stabl e from conditions to the right at which both 
overstable and monoton icall y growing modes are possible. This behaviour 1 S 
illustra ted schematically on the (R 2 , R 1 )- plane of figure A3(a) for 
R3 = -.~ < 0 and of figure A3(b) for R 3 = n > 0. As R 3 is vari ed the in t er-
sections Q, Band P move alon g the fine broken lines; and t he values of R2 
~ ----------+-------1 
~4 L 
Figure A3 
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Schematic three-component stability bounds (heavy lines) 
for (a): R3 = -s<O , stabilizing ; (b) : R 3 =n>O, destabiliz-
1ng . 
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AlO 
at intersections of4, fJ and Lwith the R2-axis are marked . 
In these diagrams another plane surface,/_, has been defined, to the 
right of which no wavelengths are overstable and only monotonic instability 
1s possible. This plane l is the locus of the intersections of Hand fJ 
as the term n 2a 2/k 6 is allowed to vary 1n (A.5). In the limit T 2 , T 3 + 0 
equations (A.5), (A.7), (A.12) and (.A.13) imply that Lis vertical while, 
for the two component case and arbitrary molecular properties, Baines and 
Gill (1969) find the appropriate line to be (in the notation of this work) 
To explore the behaviour further, consider a system which lies in the 
fourth quadrant of figure A3(a) arid which always has ap/az< 0. Then the 
components with the greatest and smallest diffusivjties (K1 and K3 ) both 
contribute negative density gradients opposing that due to component 1 21 • 
When R2 is sufficiently small the system is stable. However, if R2 is 
increased until the (R 1 , R2 , R3 ) coordinates crossftthen some wavelengths 
l 
become overstable, beginning at a= 2-~, the mode which represents a balance 
between more efficient diffusive transport and viscous damping. The oscilla-
tory modes can transport more (in density terms) of component 1 2 1 by simple 
molecular diffusion than of components 1 11 and 1 31 combined, even though such 
disturbances most rapidly transport components with greater diffusivity. If 
R2 is more destabilizing still, so that conditions are just to the right of 
~ ~ 
1,, the mode with wavenumber a = 2- 2 now grows monotonically while other modes 
remain overstable. R2 is now large enough to overcome the stable stratifica-
tion as well as viscosity and at larger values (to the right of;/._) all 
unstable modes are direct. 
Overstable modes are not possible when a sufficiently large 'stabilizing' 
gradient of component '1 1 relative to jR 3 1 tends to cause a net upward 
All 
diffusive density flux through oscillatory disturbances. However, direct 
modes can decrease the system's potential energy by preferential transport 
of components with lower diffusivity. On the other hand, direct instability 
cannot occur with 8P/az<O if IR1 I is sufficiently small when compared to 
IR 3 i since component 1 31 would then cause a net upward density flux. The 
subsequent finite amplitude motions have not been considered in the above 
discussion but, where both forms of instability are possible, they will 
depend upon the relative growth rates of the two forms, and the fastest 
growing mode (assuming no interactions) may be calculated from the dispersion 
relation (A.5) at given Rayleigh number coordinates. 
A5, Conclusions 
Two results of the analysis for triple-diffusive instability (assuming 
Pr>> K2 /K 1 ) are: marginal stability of oscillatory modes occurs on an 
hyperboloid in Rayleigh number space but the surface is very closely approxi-
mated by its planar asymptotes for any diffusivity ratios; and, when the 
density gradients due to components with the greatest and smallest diffusivi-
ties are of the same sign, salt finger and oscillatory modes may be simultan-
eously unstable over a wide range of conditions. 
One of the three components may be neglected under conditions suggested 
by the stability boundaries. The influence of a component upon marginally 
stable oscillatory modes is proportional to IR . I (or S.6C.), while the 
i, i, i, 
influence of any component upon the occurrence of salt fingers is proportional 
to 1S .6C . IK .- 1 . Thus, small concentrations of slowly diffusing properties 
i, i, i, 
can be important. It might be noted here that the molecular diffusivity of 
suspended matter is many orders of magnitude less than that of salt. For 
cases in which K2 , K 3 << K1 , the condition for neutral stability of oscilla-
tory modes (A.12, A.13) can be written in terms of a total (salinity) Rayleigh 
Al2 
number R , where R = R +R . 
S S 2 3 
Further, the onset of overstability is inde-
pendent of the individual slower diffusing species present whenever tempera-
ture is sufficiently destabilizing to produce (thermal) convection if it 
alone was present. Once convection is proceeding, however, the flux of each 
component down its concentration gradient may be influenced by the individual 
molecular diffusion coefficients. Further work (see chapters 2 and 3) is 
needed to establish the influence of a third component upon the fluxes 
through the resulting large amplitude convection; in ·particular, through 
"salt-finger" and "diffusive" interfaces. 
Abstract 
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APPENDIX B 
ON THE FORMATION OF "SALT FINGER" AND 
11 DIFFUSIVE 11 INTERFACES IN THREE-COMPONENT SYSTEMS. 
Transports through density interfaces in double-diffusive convection are 
achieved by either "salt finger" convection or molecular diffusion. The 
influence of a third diffusing property upon the type of interface formed at 
an initial density discontinuity,and therefore the mode of vertical transport, 
1s explored here. There may be a strong dependence of the type of interface 
upon molecular diffusivities, and some interfaces are observed to have a 
complicated structure. 
Bl. Introduction 
The density steps that characterise double-diffusive convection may be 
of the "salt finger" or 11 diffusive 11 kind (Turner, 1974). Both types of inter-
face must enable a net release of potential energy by preferentially trans-
porting the 'destablizing' property: where a 'destabilizing' concentration 
gradient refers to one which tends to cause the fluid density to increase with 
height. "Salt finger" interfaces contain up- and down-going columns of fluid 
which most rapidly transport the property with the smaller mo lecula r 
13 2 
diffusivity. 11 Diffusive 11 interfaces occur when the faster-diffusing com-
ponent 1s destabilizing and lapart from some mechanical mixing) transport is 
simply by molecular diffusion. 
A series of convecting layers and thin density interfaces can form 
from an instability of smooth density gradients (Turner, 1968; Stern and 
Turner, 1969). However, the laboratory interfaces are more easily produced 
by pouring a homogeneous layer of fluid onto a heavier layer such that there 
are opposing concentration steps of two properties. In this case the subse-
quent development of double-diffusive convection is considered to be relevant 
to the situation in the ocean when sharp concentration gradients are produced 
by mechanical stirring or horizontal advection. For two components, Huppert 
and Manins (1973) have shown that salt fingers will form and grow to large 
amplitude at such a density discontinuity when the condition 
1 < ( B. 1) 
1s satisfied. The ratio of diffusivities 1s Ks/ KT<l, and a6T and S6S are 
the individual component contributions to the density step. The two layers 
will overturn if la6Tl< IS6 Sj (Sis destablizing) while no convecti6n occurs 
if the upper limit is not satisfied. When Ks<<KT' very small values of 
6S may cause fingers to form. 
When a third property with a different diffusivity is added to the 
fluid, interesting questions arise about the nature of the interface. For 
example, the addition of a more slowly diffusing property to the bottom layer 
of a system that would otherwise have produced a finger interface could cause 
a 11 diffusive 11 interface to form. Si milarly, addition of the same property 
to the top layer of another system may change the resulting interface from a 
"diffusive" to a "salt finger " kind. A knowledge of the type of convection 
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1s the first step toward determining the individual fluxes of several 
components through a density interface (.see Turner, Shirtcliffe and Brewer, 
1970). 
The onset of c~nvection in smooth concentration gradients of three 
components has been discussed in Appendix A. The relevant results are 
outlined in §82 and used in §83 to determine criteria for the formation of 
'salt finger" and 11 diffusive 11 interfaces from initially sharp steps. The 
approach is similar to that of Huppert and Manins (1973). Predicted bound-
aries are then compared to those conditions at which fingers are seen in a, 
laboratory tank, and the subsequent evolution of the interfaces is observed. 
B2. Stabjlity of Superposed Concentration Gradients 
For a layer of fluid with depth h, linear vertical gradients of three 
components and 11 free-free 11 boundary conditions, the condition for instability 
to direct modes becomes 
-1 27n 4 
~R. T. > 4 (B.2) 
b b b 
where Ri = gh4Si(aci/az)/K1v is a Rayleigh number for the i 1 th component 
d K,/ an T. = b K 1 . b When the gradient of the i'th component is destablizing, 
R.>O. The diffusivities are such that K1>K 2>K 3 and the fluid density is b 
given by 
( B. 3) 
where p is a mean density, c . are the individual concentrations ands. 
m b b 
are local constants. 
If (B.2) is satisfied but the fluid is stably stratified (dp/ dz<O) then 
salt finger modes are unstable. Some oscillatory modes are also unstable 
[3 4 
when (B.2) is satisfied and the· fastest and slowest diffusing components 
have the same sign. However, the fastest growing mode will be realised at 
large amplitude and this will be a direct mode under all conditions except-
ing those which are 6nly marginally unstable to monotonic convection, so 
that (B.2) still predicts the appearance of salt fingers to a good approxi-
mation. When (.B.2) is not satisfied and dp/dz <O, it is sufficient to say 
that the system is stable to monotonic convection. 
B3. Limiting conditions for Salt Fingers at an Interface 
The formation of a salt finger interface requires firstly that' the 
diffusion profile at the original concentration step be unstable to mono-
tonically growing perturbations and secondly, that large amplitude fingers 
are possible. For initial discontinuities at z = O separating semi~finite 
layers of uniform density, diffusion produces concentration gradients 
ac. 
1., -
--
az ( )
-~ -~ -z2) 
nt 6C.K. exp (~-
. 1., 1., 4K . t (B.4) 
1., 
The di ff ere n c e i n 1 ayer proper ti e s i s D.C • = c . - (,. 1 , where the s u b s c r i pt s 1., 1.,U v l, 
'u' and ' Z' refer to upper and lower layers respectively. Thus a destabli z-
1ng distribution of the i'th component has 6C.>0. 
1., 
The gradients (B.4-) and the necessary condition (B.2) for instabil ity 
to direct modes give the criterion for the centre of the interface (z = 0) 
to be unstable to salt fingers. It may be written as 
1:: 3 
-
3 / 2 > 27n4 v(nt) 2 L B.6C, K, 4 1., 1., 1., h4 i =l g 
where his the length scale appropriate to the Rayleigh number R1 • Wi th 
h2 
t;N /4K 1 and the properties of aqueous solutions given by g- 10 , v- 10- 6 , 
K1- 10- 9 , and h >2x10- 3 in m.k.s. uni t s, t he r i ght ha nd side may be equated 
• . : • . • ........ - •.••. ~ ·_: .•.. : ... ~.: ! . • . . • • .... • - ...... ~ 
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to zero whenever S .6C.>>10- 2 kg m- 3 • When temperature is involved 
-i -i 
l ... 
K1 ~10- 7m2s-l while h increases as K1' 2 so that this assumption remains good. 
Thus the criterion 
(B. 5) 
becomes the generalization of the upper limit of lB.11. Huppert and Manins 
have also shown that (8.1) 1s the necessary and sufficient criterion for 
large amplitude salt finger convection to persist at a two-component inter-
face. Their analysis based· on the vertical momentum equation may be readily 
extended to include a third component in the manner of (_B.3). An instability 
will grow to large amplitude when the condition [S.(dC./dz)K.- 1>0 1s satis-
• -i -i -i 
-i 
fied, where the concentration c. is a horizontal average through the fingers, 
-i 
and use of (B.4) reduces this inequality to (B.5). 
The behaviour contained in (B.5) 1s best illustrated by dividing three-
component systems into three classes. A total density anomaly ratio R may 
p 
be defineq for each class. When the two faster-diffusing components are 
stabilizing (6C1 2 <0) and the component with smallest molecular diffusivity 
~ 
is destablizing (6C 3>o), the ratio of stablizing to destablizing density 
steps in R = IS 16C 1 + S26Czl/lS 36C 3 j. For this system inequality (B.5) p 
is shown as the hatched area of figure Bl(a), where T* = K3/K 2 = T3/T 2 • 
Figure Bl has vertical axes at R = 1 and a logarithmic vertical scale so 
p 
that S26C2/S 16C1 = 1 at the horizontal axis. Note that the limiting condi-
tion for salt fingers asymptotically approaches the appropriate two-component 
criteria, R < (K./K .)-
3
/ 2 , at +00 on the vertical axis. No convection is p -i J -
possible when (B.5) is not satisfied and R >1. When R <1 the system must be 
p p 
inverted to keep the top layer less dense than the bottom layer. However, 
the criterion for salt fingers at z=O cannot then be satisfied since the 
two faster-diffusing components are in the top layer. A "diffusive" inter-
face, confined by convection above and below, develops instead. 
. . : ......... : ..••• ~-~-~.- ... : ••.. : ! . • . . • • ..•. • .•.••• 
1 
Figure Bl 
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( a ) ( b) 
Schematic diagrams showing the conditions (hatc hed ) for the 
appearance of salt fingers at the centre of an interface . 
a tc1 , 2 <0 and tC 3>0 
b tC 1<0~ and tC2 3>0 . 
R is the ratio of s tabilizing density contributio ns . Axes 
p 
are s .tc ./s .tc. = 1 and R = 1. va.lues of R at asymptotes 
& & J J p p 
are marked . 
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A second class of interface has the two slower -diffusing components ,n 
the same layer. Conditions given by 
(B.5} are shown in the hatched area of figure Bl(b). When 6C1<0 and 6C2, 3>0 
gravitational stability requires Rp>l and fingers are possible. The inverted 
system at Rp<l again cannot produce fingers and a 11 diffusive 11 interface forms. 
A third class of interface is that in which the fastest- and slowest-
diffusing components have gradients of the same sign. Both salt finger 
convection in a statically stable density gradient at z=O and overstable or 
* monotonic convection at z:/0 are now possible. Defining 
R = IS26C2I/IS1.6C1 + S36C3 I and R' = R -1, (B.5) implies that fingers will p p p 
form in the hatched areas of figure 82. Salt fingers may this time occur in 
the inverted system (R'>l) and conditions satisfying (8.5) are bounded by 
p 
conditions which produce 11 diffusive 11 interfaces and layered convection. It 
is this third class of system, in which two types of instability "comp ete 11 , 
that is most interesting. In particular, it may be seen from figure 82 that 
a relatively small concentration of component 1 1' or '3' could determi ne the 
nature of a density interface. 
Formation of fingers at the centre of an interface has been considered; 
however, the diffusion profiles (.8.4) may become unstable at some z:/0 while 
gradients at z=O remain stable. Alternatively, salt fingers predicted by 
(8.5) might not form due to the modification of gradients at the interface 
centre by the earlier occurrence of either overstable or direct motions at 
z:/0. The latter possibility has a time and space dependence so that the 
general case will not be investigated. To consider the occurrence of a salt 
finger instability away from the interface centre, (8.5). is extended to 
a r bi tr a ry z . Then i n s tab i 1 i t y re q u i res S> o , where 
* Instability at the edge of a 11 diffusive 11 interface need not be oscilla-: 
tory. The density gradient may become positive and allow monotonic 
motions. · 
-~ 
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Conditions (hatched) for formation of fingers when 6C 1 and 
6 C 3 a re of the s a me s i g n . The r a t i o R ? 1 , an d t:, C 2 >OJ to the p 
right of the axis while R ' = R- 1>1 and 6C2<o to the left. p p -
Ine qua lity (8 . G) is satisfied below the broken line for R >1 
p 
and above it for R'>l ; the dotted area suggests the type of p 
conditions which allow salt fingers to occur at z/0. 
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Fingers will first occur at a position given by the maximum in S(z)lt 
and such a maximum will occur at z=O whenever the inequali ty 
3 5 
L {3 ,!:JC. K • - /2 > 0 
i= 1 -i -i i, (.B. 6) 
is satisfied. There is a minimum of sat z=O when (B.6) is not satisfied 
so that salt fingers will form at some z/0 first, if they form at all. 
Assuming that (B.61 gives a global maximum ins at z=O, we may conclude that 
no fingers are possible if (B.6), but not (B.5) is satisfied. If neither is 
satisfied then we do not know whether fingers may form at z/0 . 
Both inequalities (B.5) and (B.6) hold in the shaded areas of figure Bl, 
and there is no disturbance to these systems by other instabilities. Such is 
not the case when the fastest- and slowest-diffusing components contribute 
density gradients of the same sign (figure B2). Then the criterion (_B.5) is 
satisfied in the hatched areas while (B.6) is satisfied above the broken 
curve for R >1 (6C1, 3>0 ) and below it for R1 >1 (6C 1 3<0) . When R >1 the p p , p 
limiting conditions for salt fingers at the interface centre are bounded by 
a wide region (below B.5 but above B.6) in which no salt fingers can occur. 
Instead, a 11 diffusive 11 interface develops. There may also be a complication 
if (_B.5) is satisfied: salt fingers which are predicted to form at z=O may 
be prevented from doing so by a double-diffusive instability between compon-
ents 1 1 1 and 1 2 1 at z/0 since these components are able to diffuse more 
rapidl y, leaving the component 1 31 gradient behind. Such processes are 
likel y to be most important wh en K1 , K2 >>K 3 and when R ~1. p 
The opposite effect may occur in t he inverted system (R 1 >1) where layer 
p 
conditions producing salt finger interfaces may be extended by a · tendency for 
the two fa ster-diffus i ng components to form fingers at z/0 . This possibility 
88 
too 1s most important for K1 ,K2 >>K 3 • The dotted area of figure B2 shows 
the conditions for which fingers form first at z/0 if they occur at all. 
We know that they do form when (B.;) is satisfied, but . the limit to such 
conditions when (B.5) is not satisfied cannot be found for the general case. 
This limit will occur when 6c3/ACi is sufficiently large that component '2' 
causes a local density inversion and subsequent convection before salt 
fingers are able to form in the gradients of components 'l' and '2'. 
B4. Experimental Observations of Three-Component Interfaces 
Laboratory observations of the third class of interface using aqueous 
solutions of three solutes (KCl, NaCl and sucrose) are compared with the 
criterion (B.5) in figure B3(a) for R >land in figure B3(b) for the p 
inverted system, R'>l. p All experiments were conducted with solutions at 
a temperature of 20.0 + 0.5°C for at least the first 30 minutes after form-
ing the interface. In all but two experiments the layers were of equal depth 
1n a tank with cross-section 5cm x 15cm. A layer depth, D, of 12cm ensured 
that D>>l4Kt for a diffusion coefficient, K, of 10-s cm2s-l and a ti me, t , 
of 60 minutes. Timing began from the moment at which pouring of the top layer 
onto a permeable float began. Solutions were prepared beforehand to the 
required concentrations, always 0.5 to 1.5 Molar for NaCl and in the ranges 
(I.OM KCl + 10- 3M sucrose} to {o.02M KCl + 0.2M sucrose} . . A density battle 
was used to determine the density of each solution. 
The remaining two experiments used a tank of cross-section 5cm x 40cm 
1n which a stably stratified, 40cm deep layer of one solution was establ is hed 
by filling the tank using the two-bucket method (Turner, 1968). Into this 
gradient an intrusion of the second solution at its equilibrium depth was 
produced from a line source so that the upper and lower interfaces (see 
Turner, 1978) could be observed. Density anomaly ratios of R , Rp<l . 005 
p 
were obtained and the four results are shown as triangles in figure B3. 
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Each experiment was classified according to whether salt-fingers or 
sharp density gradients appeared on a shadowgraph. Near marginal conditions, 
some interfaces were not distinctly of one type or the other (crossed points) 
and salt fingers were visible over only a small fraction of the 'tank width. 
Although the recorded character of the interface was that determined near 
t = 60 min., many were observed for a much longer time and their character 
did not alter significantly. The approximation of the right hand side of 
(B.5) to zero was valid for the interfaces observed. 
All available data for the diffusion coefficients (~east, 1975; Wash- · 
burn, 1926; Fujita and Gosting, 1956 and 1960; Reinfelds and Gosting, 1964; 
Gosting and Morris, 1949; Caldwell, 1973) were interpolated to find values 
at 20°c and at concentrati.ons equal to the mean concentrations of the 
relevant component across an interface. Due to the concentration ranges 
involved, the theoretical curves shown in figure B3 were calculated from 
(B.5) in two sections meeting each other at s3~c 3/S 1~c1-1. The values used 
for the diffusivities are those in table BI. 
6C3 
>l 6C1 
6C3 
<l 6C1 
Table BI 
Component Mean Concentration Diffusivity 
( M/ Z) -5 2 -1 (10 cm s ) 
1 0 1.67 + . 0 2 
-
2 0.5 1.30 + . 0 5 
-
3 0. 1 0.44 + .02 
-
1 0. 5 1.58 + . 0 2 
-
2 0.5 1.30 + . 0 5 
-
3 0 0.45 + . 0 2 
-
Values of diffusion coefficients for the aqueous experimental 
sys tern. Component I l' : KCl, component 1 2': NaCl , component 
1 3 1 : sucrose. 
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Experimental observations on the configuration of figure B2 
using comp onents '1': KC l, '2': laCl and '3': sucrose. 
(a) NaCl above sucrose and KCl ; 
(b) KCl and sucrose above NaCl . 
Error bars shown for the solid curve (B.5) and its asymptotes 
result from uncertainties shown in Table BI . The broken curve 
is given by (B . 6) . • - Salt fingers visible all along inter-
face; () - two 1 ayers of salt fingers ; ~ - fingers seen but 
not along interface; o- convection but no fingers visible; 
•, 6 - i ntrusion experiments . 
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The observations recorded in figure B3 appear to be well described by 
(B.5), as might be expected for diffusivities of the same order of magnitude. 
There are small discrepancies only for Rp~l where an extension of salt-
fingering activity in one system .(_figure 83 b) and a roughly similar 
decrease in the inverted system (figure B3 a ) probably indicate interaction 
of the two fastest diffusing components at z/0 after leaving the stabilizing 
sucrose gradient gloser to z=O. However, the concentration ratio 
s 36C3/B 16c1-1o- 1 1s still sufficient to alter the nature of the interface 
formed near R =1. p 
Some interfaces through which properties appeared to be transported by 
both salt fingers and direct molecular diffusion were observed in the 
experiments. When a solution · of KCl and sucrose was placed above a NaCl 
solution such that RP:4.5 and B36C3/B 16C1 ~1o~ interfaces which appeared to 
be of the "diffusive" type formed but 30 min. later exhibited a thin layer 
of salt fingers near their centre. That is, a 1cm to 2cm layer, predominantly 
with a smooth density gradient and no convection, separated two deep convect-
ing layers while a thin layer (.0.2cm) of faint vertical striations appear~d 
near z=O. Although fingers were visible along no more than fifty percent of 
the interface, the diffusive core, once established, is concluded to have 
become unstable. The small density variations within the fingers and result-
ing low contrast on the shadowgraph screen prohibited close study of the 
time dependence involved but suggest that, at least in these experi me nts such 
salt fingers do not make an important contribution to the fluxes. Interfaces 
consisting of two layers of salt-fingers were also observed. The two layers 
of vertical striations were separated by sharp density gradients from a non-
convecting core and bounded on the outside by the upper and lower convecting 
layers. Such interfaces occurred at R 1~ 1 and s36C 3/B 16C 1N0. 1 when the NaCl p 
solution was placed above the solution of KCl and sucrose, and are those 
Bll 
observations identified by- half-filled circles on figure B3(b). The behav-
iour was due to the formation of fingers at z/0 and to the existence of a 
large sucrose gradient, which the fingers could not pass, near z=O. Both 
the diffusive core and the fingers grew in thickness as the layer properties 
ran down. 
Some experiments using heat, sucrose and suspended bentonite illustrate 
the importance, to systems in which K1 >>K 2 >>K 3 , of the prevention of salt 
fingers by the 11 diffusive 11 instability. Here, T 2 -10- 2 and T 3<<10- 2 • When, 
for example, a layer of bentonite suspension was placed over a hot sucrose 
solution suchthat R -sand s3tc3/S 1Lic1-o.6., a vigorous "diffusive" interface p 
developed. Although . these conditions satisfy (B.5), fingers at z=O were too 
slow to form before the concentration profiles were altered by monotonic con-
vection. However, they did appear in the diffusive core after allowing the 
layer properties to run down for many hours. Conversely, when a layer of hot 
sucrose was placed over a (dilute) bentonite suspension such that R'-2 p 
and s3tC 3/s 1tc1-o.1s., 'sugar-fingers' were vigorous but (B.5) was not · 
satisfied. Fingers formed first at z/0 but the clay did not prevent their 
formation at the centre of the interface. 
B5. Canel us ions 
The limiting condition for the formation of salt fingers at an initially 
sharp density step in a three component system implies that relatively small 
concentrations of properties with very small molecular diffusion coefficients 
can have an important influence in determining whether a "salt finger" or a 
11 diffusive 11 interface develops. Such considerations are relevant to the 
bottom boundary layer of the ocean and to tidal and estuarine areas where 
there are often measured gradients of temperature, salinity and suspended 
particulate matte r. The use of dyes in la boratory experiments on double-
diffusive convection can also be examined. 
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An interesting case is that in which two of the properties tend to 
produce salt fingers while two of the components tend to produce a 
11 diffusive" interface. Experiments show that the predicted limiting condi-
tion for salt fingers does not hold in this case if K1 , K2 >> K3 • Indeed , 
even comparable concentrations of a property with very low diffusivity may 
have no influence at all upon the final nature of the interface. On the 
other hand, interesting combinations of salt fingers and direct molecular 
diffusion in the vertical have been observed within some interfaces. 
Finally, many salt finger interfaces cannot be steady. Fingers may only 
exist in linear gradients of two properties when the ratio of gradients 
satisfies Tz/Sz<(K/KT)- 1 (see B.2. and §3.2). Extending this to three 
components, and assuming roughly linear horizontally averaged vertical 
gradients through the fingers, implies that a finger interface between 
-1 mixed layers can only be steady when L s.~C.K. <O. This is a more 
• 1,, 1,, 1,, 
1,, 
restrictive criterion than that allowing the appearance of salt fingers. 
At the remaining conditions, only intermittent growth and sweeping away of 
fingers is possible if they are not to grow infinitely long and diffuse away. 
